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Abstract. This is the third of a series of papers treating light baryon resonances up to 3 GeV within 
a relativistically covariant quark model based on the Bethe-Salpeter equation with instantaneous two- 
and three-body forces. In this last paper we extend our previous work on non-strange baryons to 
a prediction of the complete strange baryon spectrum and a detailed comparison with experiment. We 
apply the covariant Salpeter framework, which we developed in the first paper to the specific quark 
models introduced in ref . |Q] . Quark confinement is realized by linearly rising three-body string potentials 
with appropriate Dirac structures; to describe the hyperfine structure of the baryon spectrum we adopt 
't Hooft's two-quark residual interaction based on QCD instanton effects. The investigation of instanton- 
induced effects in the baryon mass spectrum plays a central role in this work. We demonstrate that several 
prominent features of the excited strange mass spectrum, e.g. the low positions of the strange partners of 
the Roper resonance or the appearance of approximate "parity doublets" in the yl-spectrum, find a natural, 
uniform explanation in our relativistic quark model with instanton-induced forces. 

PACS. 11. 10. St Bound and unstable states; Bethe-Salpeter equations - 12.39.Ki Relativistic quark model 
- 12.40.Yx Hadron mass models and calculations - 14.20.-c Baryons 

1 introduction 

In this paper we want to present a description of strange baryons in a relativistic quark model based on the three- 
particle Bethe-Salpeter equation |^,|| with instantaneous forces (Salpeter equation ||]). The model is characterized by 
three- and two-particle potentials which we have already fixed in two preceding papers [^|^ ; the three-particle poten- 
tials simulate (linear) confinement p2|[T^,Jl^ and the two-particle potentials are of the form of 't Hooft's instanton- 
induced quark interaction ||l^,|l6|. In ref. Qpwe were able to demonstrate that non-strange baryons can be accounted 
for very well (model A); in particular, the known Regge trajectories are correctly reproduced by the confinement force 
and the hyperfine structure of the spectrum appears with its characteristic details up to high energies as a consequence 
of 't Hooft's interaction. 

The additional model parameters for models with strangeness are the strange constituent quark mass and the 
coupling of strange to non-strange quarks in 't Hooft's interaction. We have fixed these parameters already in ref. 
1^ in order to reproduce the lowest baryon octet alone. This paper contains the complete excited A-, S- and 
f2-spectrum (as far as it is experimentally known) which thus is a genuine prediction. We find excellent agreement 
with experiment, despite the fact that our treatment of baryons is still incomplete in the sense that we do not compute 
the strong decays of baryon resonances. We are aware that such a calculation ||,|^,^,^,10,ll[ would influence also 



the resonance positions computed in our model. Indirectly, the calculations of this paper, which are purely predictive 
and agree so well with experiment, seem to indicate that such changes can probably be parameterized within our 
phenomenological quark potentials and constituent quark masses. 

The most significant result of this paper is the demonstration of the role of 't Hooft's interaction in the hyperfine 
structure of the mass spectrum. The details, which we shall present below, seem to establish its superior relevance 
for light quark flavors; at least the characteristic operator structure of this interaction seems to be indispensable for 
a satisfactory calculation. (One-gluon-exchange potentials can be ruled out; see ref. ||]). Since we fixed the potentials 
strength of this interaction by a fit to experiment, we can, however, not be completely sure that this force is derived 
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from QCD in a strict and unambiguous way. We include a small theoretical consistency check in appendix but believe 
that more work has to be done, probably extending the efforts in r ef. ||,||,||,|3|,|^,|3,|38|. The main emphasize 
of this and the two preceding papers is, however, put on the development of a relativistic quark model and the 
detailed comparison with experimental data. 

The paper is organized as follows. Section |2| is concerned with an extensive discussion of our predictions for the 
excited /1-spectrum in comparison to the hitherto experimentally established yl-resonances. A principal objective of our 
investigations is to demonstrate the role of the instanton-induced 't Hooft interaction in generating several prominent 
structures seen in the experimental yl-spectrum. These are for instance the low position of the Roper analogue or the 
occurrence of approximate parity doublets. This discussion of instanton effects is extended to the predictions in the 
other strange sectors, i.e. for the S- and S'-resonances in sections ^ and ^, respectively. In section ^ we briefly present 
our predictions for the ^2-baryons, where 't Hooft's force does not contribute. In appendix |A| we check in how far the 
model parameters, which are fixed from the experimental baryon spectrum, are in fact consistent with QCD relations 
from the theory of instantons. Finally, we give a summary and conclusion in section |6[ 



2 The yl-resonance spectrum 

In this section we analyze the predictions of model A and B of ref. for the excited strange yl-baryons with strangeness 
S** = — 1 and isospin T = and compare our results with the currently available experimental data. For the following 
discussion it is convenient to begin with some general remarks concerning the action of 't Hooft's force and the 
experimental status of this flavor sector. 



2.1 Remarks - Implications of 't Hooft's force and the experimental situation 

Similar to the nucleon spectrum discussed in ref. [D we expect the instanton-induced interaction to play an essential 
role also for the description of the excited /l-spectrum. Let us briefly comment on the influence of 't Hooft's force on 
the different states in this flavor sector. As in the case of the excited nucleon states, the effect of 't Hooft's force in the 
different yl-states depends on the content of quark pairs with trivial spin being antisymmetric in flavor. But in contrast 
to the nucleon states these quark pairs can here be non-strange (nn) or non-strange-strange (ns) and 't Hooft's force 
distinguishes between these types due to the different couplings 5„„ and gns- Moreover, the constituent quark model 
predicts in comparison to the nucleon sector additional degrees of freedom for the yl-sector. This results from inclusion 
of the strange quark, which leads to a totally antisymmetric flavor singlet state Ai in addition to the mixed symmetric 
octet representations As. Hence, in addition to the octet states (that posses corresponding counterparts in the nucleon 
spectrum) also singlet states appear in the yl-spectrum. The positive and negative energy components of the Salpeter 
amplitude <l>j„ describing an excited yl-state with spin and parity J"^ are obtained by the embedding map (see ref. 0) 
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and the two flavor singlet states 



1^ J±, 2l[70]) := E 

L 



1^ J±, 41 [20]) :=E 

L 



(4) 



Here V^/jj^i Xrs ^^^"^ 'f'R.F spatial, spin and flavor wave functions with definite Sa-symmetries Rl, Rs, Rf € 

{S,Ais,.MA,-A}- The sum runs over the possible orbital angular momenta L that can be coupled with the internal 
spin 5* to the total spin J as denoted by the angular brackets [. . .y . To explore the implications of the strong selection 
rules of 't Hooft's force for the different /l-states let us discuss qualitatively what one naively expects in a simpli- 
fied picture (disregarding the negative energy component and the relativistic effects from the embedding map of the 
Salpeter amplitudes (non-relativistic limit)). Recalling the selection rules of 't Hooft's force for the flavor octet states 
from our earlier discussion of the nucleon sector (see ref. |^), we expect the dominantly 48[70] and ^8[20] states to 
be hardly influenced, whereas dominantly ^8[56] and ^8[70 states should be shifted downward mass shift. Moreover, 
't Hooft's force generally mixes the configurations ^8[56] and ^8[70]. Concerning the additional flavor singlet states we 
expect dominantly *1[20] states to remain essentially unaffected due to the internal totally symmetric spin function 

X5^^ in the "^IpO] configurations. But similar to dominantly ^8[56] and ^8[70] states we likewise expect a lowering 
of dominantly ^1[70] states. Finally, we should mention here that the difference gnn — Ons > between the 't Hooft 
couplings as required by the S — A ground-state splitting (see ref. Q) implies further fiavor S'[/(3) symmetry breaking 
effects in addition to those arising already from the difference TOs — m„ > between the non-strange and strange quark 
masses. This leads to a further mixing of the flavor singlet configuration ^1[70] with the fiavor octet configurations 
^8[70] and ^8[56], which depends on the difference gnn — gns of the two couplings and vanishes in the case gns = gnn- 
Once again we should be aware of the simplicity of these naive non-relativistic considerations: In the same manner 
as observed for the excited nucleon states |Q , the relativistic effects in our fully relativistic framework, especially the 
interplay of 't Hooft's force with relativistic effects from confinement should also here be very crucial for the influence 
of 't Hooft's residual force on the excited yl-states. In the course of the following discussion we therefore will again 
analyze how instanton-induced effects in our fully relativistic approach do really shape the hyperfine structures in the 
excited yl-spectrum. From the discussion of the nucleon spectrum we expect again substantial differences between the 
results of the confinement models A and B. 



Before quoting our predictions let us first discuss heuristically what we do expect from our earlier investigations 
of the nucleon sector (see ref. Q|) in view of the rather similar structures that can be found in the experimental A- 
and nucleon spectra. In this respect, it is instructive to consider the flavor SU{3) symmetric limit, i.e. — to„ 
and gns = gnn- In this limit the fiavor octet and fiavor singlet states completely decouple due to the explicit fiavor- 
independence of the confinement kernel and due to the flavor SU{3) invariance of the embedding map, the kinetic 
energy operator and 't Hooft's force in this case. Consequently, the fiavor octet states of the yl-spectrum and the nucleon 
spectrum have exactly the same masses and configuration mixings. The singlet states just additionally appear with the 
^1[70] states lowered with respect to the 4l[20] states. Of course, in the realistic case (with TOs > m„ and g„s < 9nn) 
this degeneracy is lifted and singlet and octet states mix. Nonetheless, we expect the dominantly flavor octet states 
of the yl-spectrum forming hyperfine structures that have their direct counterparts in the excited nucleon spectrum. 
This, in fact, one really observes in the experimental yl-resonance spectrum. Figure |l| shows a direct comparison of 
the present experimental situation for the nucleon- and yl-resonances for each sector with spin and parity J'^ . The 
nucleon states are displayed on the left hand side in each column and the yl-states on the right hand side. To correct 
approximately for the flavor SU{3) breaking effects in the yl-states, the mass scales for N- and yl-resonances are 
mutually shifted by 177 MeV, such that the ground-states appear at the same level. The figure nicely demonstrates 
that the positive- and negative-parity /l-spectra indeed exhibit several structures showing similar hyperfine splittings 
as in the nucleon spectrum. The corresponding states thus presumably are the fiavor octet counterparts of the nucleon 
spectrum. According to fig. let us briefiy summarize the most striking features of the experimentally observed 
yl-spectrum that have (and have not) counterparts in the experimental nucleon spectrum: 

— The pattern of four low-lying yl-resonances in the positive-parity 2hLU band indeed shows a very striking simi- 
larity to the structure of the four low-lying states in 2huj shell of the nucleon spectrum: The lowest lying reso- 
nance yl5^(1600, ***), which is the first isoscalar/scalar excitation of the yl-ground-state, may be viewed as the 
strange counterpart of the Roper resonance iVi~'^(1440, ****). The remaining three well-established resonances 
yli^(1810, ***), yl|^(1890, ****) and yl|"^(1820, ****) are approximately degenerate at around 1850 MeV quite 
similar to the three nucleon resonances iVi^(1710, ***), A^|'''(1720, ****) and A^|^(1680, ****) which are nearly 
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Fig. 1. Comparison of the present experimental situation for nucleon- and /1-resonances. The resonances are classified due to 
their total spin and parity . On the left in each column, the nucleon resonances are shown. For comparison, the yl-resonances 
are shown on the right hand side in each column. Note, that the mass scale for the yl-states is shifted downwards with respect 
to the mass scale of nucleon states by 177 MeV, so that the ground-states appear on the same level. In, fact there are a lot 
of yl-states (expected to be dominantly flavor octet), that have their direct counterparts in the nucleon spectrum. See text for 
further explanations. 



degenerate at around 1700 MeV in the nucleon 2nuo band. Here the /If "^(1890, ****) and the yl|^(1820, ****) are 
presumably the octet partners of the iV|^(1720, ****) and the 7V|^(1680, ****), respectively. The correspondence 

of yli^(1810, ***) with {niO, ***), however, seems to be less clear. 
— In the upper part of the negative-parity ITioj band between 1600 and 1900 MeV the four well-established three- 
and four-star yl-resonances stated by the Particle Data Group exhibit hyperfine splittings which are similar to 
those of the five resonances observed in the ITwj shell of the nucleon spectrum: The two lower lying resonances 
(1670,****) and yl| (1690, ****), which form a nearly degenerate doublet at around 1680 MeV, may be 
interpreted as the octet partners of the two approximately degenerate (dominantly ^8 [70]) states (1535, ****) 
and (1520, ***) in the lower part of the nucleon Ihio shell. The two higher lying resonances (1800, ***) and 
yl| (1830, ****) positioned approximately degenerate at roughly 1800 MeV should then be the octet counterparts 
to the J'^ = i and J'^ = | nucleon states of the triplet formed by the nearly degenerate (dominantly '*8[70]) 
resonances iVi" (1650, ****), 7V|^ (1700, ***) and iV|" (1675, ****) in the upper part of the nucleon ITiuj shell. 
The octet partner of iV| (1700, ***), however, which hkewise should appear at roughly 1800 - 1900 MeV in the 
/l| sector, has not been observed so far. 

The two lowest lying yl-resonances in the Ifiuj band, i.e. the two four-star states A\ (1405, ****) and A^ (1520, ****), 
have no counterparts in the nucleon spectrum. Consequently, they are expected to be dominantly flavor singlet 
states. Apart from the significantly lower position with respect to the octet states, a very striking feature of these two 
resonances is the very low position of the (1405, ****) relative to the yl|~ (1520, ****). The (1405, ****) 
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lies even below the lowest nucleon excitations and is the lowest negative parity excitation in the light baryon 
spectrum measured at all. The failure of several constituent quark models in reproducing the low position of this 
well-established four-star state is a l ong -standing problem and there is still controversy about the real physical 
nature of this state, see for instance |l7[ . 
— Similar to the nucleon spectrum one observes overlapping parts of alternating even- and odd-parity bands which 
likewise lead to the appearance of approximate "parity doublets" in the experimental yl-spectrum. The best es- 
tablished parity doublet structure is formed by the two lowest four-star excitations in the sectors with total spin 
7-5. 

yl|'*"(1820,****) - yl|"(1830, ****). 

This doublet is due to the overlap of the negative-parity XTilj and the positive-parity 2huj shell. A further parity 
doublet in the same energy range between 1800 and 1850 MeV is found in the sectors with total spin J = \ with 
the two three-star states 

yli"^(1810,***) - yli"(1800,***). 

In the higher mass region of the yl-spectrum such a parity doublet pattern is indicated by the lowest resonances 
observed in the Al^^ sectors]^: 

yl|^(2020,*) - /1|"(2100, ****). 

Since all corresponding structures of the excited nucleon spectrum could be nicely reproduced by means of 't Hooft's 
residual interaction, our approach (model A) looks very promising to work as well for the counterparts in the yl- 
spectrum. So let us see now how far the predictions of both models can really account for these observed structures 
using the parameter sets of ref. |Q as they were fixed on the phenomenology of the A- and the ground-state spectrum 
alone. In this respect, we should stress once more that also in the yl-sector all calculated positions of excited states are 
real parameter-free predictions. As already in the nucleon spectrum, no structure in the yl-spectrum has been explicitly 
adjusted. 



2.2 Discussion of the complete yl-spectrum 

Our predictions for the yl-spectrum in both model variants A and B are depicted in figs. |^ and ^, respectively. The 
resonances in each column are classified by their total spin J and parity tt. For both parities the predictions are shown 
up to J = For each sector [yl J^] at most ten radially excited states are displayed on the left hand side of the 
column. In comparison, the currently experimentally known yl-resonances [|l^ are shown on the right hand side in 
each column. The corresponding uncertainties in the measured resonance positions are indicated by the shaded areas. 
The status of each resonance is denoted by the corresponding number of stars following the notation of the Particle 
Data Group and moreover, by the shading of the error box which is darker for better established resonances. The 
following discussion is organized according to a separate investigation of each shell. The predicted masses for the states 
of each shell in comparison with corresponding resonance positions measured experimentally are explicitly given in 
the tables |l|, ^, || and ^, respectively. 



2.2.1 A first glimpse of the resulting spectra-comparing model A and model B 

Comparing globally the predictions of model A and model B in figs, ^and^, respectively, we again observe that model 
A leads to consistently better agreement with experiment than model B: As in the non-strange nucleon sector, model 
A can excellently explain the positions of several well-established four- and three-star resonances of the complete 
yl-spectrum presently known (most of them belonging to the \Tiuj and 2Tiuj shell): Since this is in fact a parameter- free 
prediction, the excellent quantitative agreement is very remarkable and strongly supports the credibility and predictive 
power of our model A. 

The only feature which model A unfortunately cannot account for is the puzzling low position of yl^ (1405, ****). 
Hence, the notorious difficulty of all previous constituent quark models in explaining the position of yl^ (1405, ****) 

^ It is worth to note in this respect the striking difference to the present experimental situation in the nucleon spectrum 
(see fig. |l| and to refer back to our predictions for the lowest excitations in the corresponding sectors (see ref. Q]): In 

contrast to our model calculation the currently available experimental data do not exhibit a clear parity doublet structure of 
the lowest excitations in A''^* due to the rather high position of the A''|~(2190, with respect to the A''|'''(1990, **). In 

view of the otherwise striking similarities between the experimental nucleon and yl-spectra the comparatively low position of 
yl|~(2100,****) might be a further strong experimental indication for a A'^| resonance even below the iV| (2190, ****). 
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Fig. 2. The calculated positive and negative parity /I- resonance spectrum with isospin T — and strangeness S" = — 1 in 
model A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group (right 
part of each column). The resonances are classified by the total spin J and parity tt. The experimental resonance position is 
indicated by a bar, the corresponding uncertainty by the shaded box, which is darker for better established resonances; the 
status of each resonance is additionally indicated by stars. 



remains unsolved also in our fully relativistic approach which uses instanton-induced, flavor-dependent forces. In view 
of the otherwise excellent results, this shortcoming strongly indicates that something in the present dynamics is missing 
which must be very specific to that single state. We will come back to this question during the following more detailed 
discussion. 

As one would already anticipate from our discussion of the nucleon spectrum H, the most distinct deviations 
between model A and B again show up in the sectors with total spin J = i. In particular, model B once again strongly 

fails in describing the striking low position of the first scalar/isoscalar excitation in the i^~sector, which in this flavor 

sector is the counterpart yli^(1600, ***) of the Roper resonance. Furthermore, several positions of higher mass states 
(in the 2huj shell and beyond) are generally predicted too high in model B. This result once more confirms that model 
A is more realistic and thus the favored model for describing light baryons. For this reason, the following detailed 
comparison of our predictions with experiment will henceforth mainly focus to the results of the more successful model 
A. Now let us discuss and investigate in detail the hyperfine structures in each shell. We start with the predictions in 
the positive parity 2huj shell. 



2.2.2 States of the positive-parity 2hu) band 

The 2hLL> band includes states with spin = , ^ , f and ^ . The positions predicted for these states (in both 
models) are summarized in table || together with the assignment to the observed states according to a comparison of the 
predicted and measured masses. The number of predicted 21)10 states is even larger than in the nucleon spectrum owing 
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Fig. 3. The calculated positive and negative parity /l-resonance spectrum with isospin T = and strangeness S* = — 1 in 
model B (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group (right 
part of each column). The resonances are classified by the total spin J and parity tt. See also caption to fig. ^ 



to the additional flavor singlet states. On the other hand there are considerably fewer states observed experimentally, 
especially in the upper part of this band (beyond 2 GeV), where so far only two resonances have been seen in the A^~^ 
and A^~^ sectors. Hence a quite large number of yl-resonances in this mass region is expected to be "missing", i.e. 
hitherto these states have not been seen in multichannel phase-shift analysis of KN scattering data. In this respect, 
the study of strong two-body decay amplitudes of baryons within our covariant Bethe-Salpeter framework would be 
very favorable again. This should offer the possibility to explain that model states, assigned to observed resonances 
(according to their position), strongly couple to the KN channel, whereas the others do not (or only weakly couple 
to KN) and thus escape from observation Since these investigations are still in progress, here the assignment of 
model states to experimental states has again to be made on the basis of the masses alone. To distinguish between 
dominantly flavor octet and flavor singlet states we additionally tabulated for each state of model A the corresponding 
spin-flavor SU{6) contributions in table ^. This information is useful for identifying those structures, that have their 
direct counterparts in the nucleon spectrum. 

Figure ^ shows that the agreement between the predictions of model A and the few presently known resonances of 
the 2hu! shell is of similar good quality as that of the corresponding nucleon states. Due to 't Hooft's force, we again 

1 -t- s "t" ^ + 

observe in the sectors — , § and | a selective lowering of particular states with respect to the majority of 
states grouped between 2000 and 2200 MeV, which essentially remain unaffected by 't Hooft's interaction. The centroid 
of the bulk of unaffected states fairly agrees with the positions of the yl|'''(2110, ***) and the yl|'''(2020, *) observed 
so far in the upper energy range. With the couplings (7„„ and g„s fixed from the ground-state hyperflne pattern, four of 
the separated states are lowered even deeply enough to fit rather well into the conspicuous low- lying pattern formed by 
the four experimentally observed resonances yli^(1600, ***), yli^(1810, ***), yl|"^(1890, ****) and yl|^(1820, ****). 
Their structure is very similar to that found in the nucleon spectrum (see fig. 0). Figure |j demonstrates how in model 
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Table 1. Calculated positions of all vl-states assigned to the positive parity 2hLj shell in comparison to the corresponding 
experimental mass values taken from . PW denotes the partial wave and the rating is given according to the PDG classification 
I JlSf . Here and throughout this work we use the notation [B J'^]„{M) for the predicted model states in model A and B, 
respectively, where B denotes the baryon {i.e. the flavor), J'^ are spin and parity, and M is the predicted mass given in MeV. 
n = 1, 2, 3, ... is the principal quantum number counting the states in each sector beginning with the lowest state. 



A the instanton-induced 't Hooft interaction shapes this pattern along with the right position of the ground-state 
yli^(1116, ****). 

The figure illustrates the influence of 't Hooft's force on the energy levels of all positive-parity vl-states, where 
the effects of non-strange (nn) and non-strange-strange (ns) diquark correlations are shown separately^. Starting from 
the case with confinenient only {fjnn — 9ns — 0) which is shown in the leftmost spectrum of each column, first the 
non-strange coupling gnn is gradually increased up to its value g„„ — 136 MeV fm'^ fixed from the A — TV-splitting 
while the non-strange-strange coupling still is kept at gns = MeV fm^. Then, the non-strange-strange coupling f;„s 
is increased until the yl-ground-state together with the other octet hyperons S and S" (here compare to ref. B) is 
correctly reproduced {gnn = 136 MeV fm"^, gns = 94 MeV fm'^). The spectrum predicted finally in model A is shown 
on the right hand side of each column in comparison to the experimental resonance positions. Indeed, it turns out 
that, once the couplings are fixed to reproduce the hyperfine pattern of ground-states, the positions of the four com- 
paratively low-lying states yli"^(1600, ***), 71^^(1810, ***), ylf "^(1890, ****) and ^|"^(1820, ****) are simultaneously 
well described. Apart from the distinct action of 't Hooft's force in the non-strange and non-strange-strange diquark 
channels the systematics observed here is quite similar to that found for the corresponding 2huj nucleon states. For a 
more detailed discussion let us investigate the situation for each spin sector from to |^ in turn: 

In the sector with maximal possible spin Jmax(A^) = + | in the N = 2 oscillator shell, our model predicts 

a single well isolated state in the upper part of the shell, which coincides with the only resonance yl|^(2020, *) 'seen' 
in this mass range of the F07 partial wave. The mass predicted at 2130 MeV lies within the quite large range of 
possible values of this poorly determined one-star resonance. To achieve this maximal total spin, this state contains a 
symmetric spin-quartet wave function. Consequently, this state, i.e. its mass as well as its Salpeter amplitude remains 
totally unaffected by 't Hooft's force as confirmed in fig. ^. In fact, this state shows an almost pure ^8[70] configuration 

(> 97%, see table ||) and thus is the octet partner of the resonance (1990, **) in the corresponding sector 
of the nucleon spectrum. 

^ The different behavior of the states under influence of the two distinct (nn) and (ns) parts of 't Hooft's force then reflects 
the (scalar) diquark content of both flavor types within the states. 
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Model state 
in model A 


pos. 
neg. 


^8f56l ^8f70l *8f70l ^8[20l 
^8[56] ^8[70] *8[70] ^8[20] 


^l[70l ''l[20l 


1 + 


[yli'^]i(lin8) 
,1 grouud-statn 


98.6 
1.1 


94.3 3.9 0.0 0.0 

0.1 ().() ().;', ().() 


0.3 0.0 

0.0 0.0 


1 + 

2 


[^r]2(1677) 


98.6 
1.4 


88.4 6.2 0.1 0.2 
0.3 0.6 0.4 0.0 


3.7 0.1 
0.1 0.0 


[yli+]3(1747) 


98.9 
1.1 


5.1 2.1 0.0 0.1 

0.0 0.0 0.0 0.0 


90.6 0.9 

1.0 0.1 


[/li^]4(1898) 


99.1 
0.9 


9.1 84.2 1.0 0.8 
0.2 0.3 0.3 0.1 


3.8 0.2 
0.1 0.0 


[yli^]B(2077) 


99.0 
1.0 


0.5 1.2 85.8 11.2 
0.0 0.1 0.8 0.0 


0.1 0.3 
0.0 0.0 


[yli"^]6(2099) 


98.9 
1.1 


1.1 0.6 1.5 11.7 
0.0 0.1 0.1 0.0 


0.9 83.0 
0.8 0.1 


[/iri7(2132) 


98.9 
1.1 


2.2 1.6 11.2 69.8 

0.0 0.3 0.4 0.2 


0.6 13.5 
0.1 0.0 


3 + 
2 


[yl|+]i(1823) 


98.5 
1.5 


60.0 28.2 0.3 0.1 
0.4 0.3 0.6 0.0 


9.9 0.1 
0.2 0.0 


[^r]2(1952) 


98.4 
1.6 


3.8 7.6 0.8 0.1 
0.0 0.0 0.1 0.0 


84.0 2.2 
1.4 0.1 


[yl|'^]3(2045) 


99.2 
0.8 


0.5 0.2 96.9 1.1 

0.1 0.2 0.5 0.0 


0.3 0.2 

0.0 0.0 


[yl|^]4(2087) 


99.0 
1.0 


1.3 1.6 84.0 11.2 
0.0 0.4 0.6 0.0 


0.6 0.3 
0.0 0.0 


[yl|^]B(2133) 


99.1 
0.9 


25.2 56.2 7.2 9.1 
0.1 0.4 0.4 0.0 


1.2 0.2 
0.0 0.0 


[^r]6(2157) 


99.0 
1.0 


5.1 8.0 8.5 70.8 
0.0 0.3 0.4 0.1 


1.1 5.5 
0.0 0.1 


[yl|""]7(2176) 


99.0 
1.0 


0.3 0.4 0.7 5.8 

0.0 0.0 0.0 0.0 


4.2 87.5 

0.1 0.8 


5 ^ 
2 


[^r]i(1834) 


98.5 
1.5 


57.8 28.3 0.2 0.1 
0.4 0.4 0.4 0.1 


12.1 0.0 
0.1 0.1 


[yl|"^]2(1999) 


98.7 
1.3 


4.5 8.9 1.0 0.1 
0.1 0.1 0.1 0.0 


84.1 0.2 
0.6 0.5 


[yl|"^]3(2078) 


99.0 
1.0 


9.0 9.9 77.1 0.0 

0.4 0.3 0.3 0.0 


2.0 0.9 

0.0 0.0 


[ylf^]4(2127) 


99.0 
1.0 


20.9 45.9 12.9 0.0 
0.1 0.2 0.1 0.3 


0.6 18.7 
0.1 0.1 


[yl|"^]5(2150) 


99.0 
1.0 


4.6 7.6 7.8 0.0 
0.0 0.1 0.0 0.1 


0.7 78.3 

0.5 0.4 


7 + 
2 


[yl|+]i(2130) 


99.2 
0.8 


0.0 0.0 99.1 0.0 
0.1 0.1 0.6 0.1 


0.0 0.1 
0.0 0.0 



Table 2. Configuration mixing of positive-parity A states in model A assigned to the 2fiu! band. 



In the A| sector model A predicts altogether five states. As in the corresponding nucleon sector, the dominantly 
^8 [56] state shows the largest downward mass shift of roughly 200 MeV relative to its position in the pure confinement 
spectrum. Note that this lowering originates mainly from an attractive correlation in the scalar non-strange (nn) 
diquark channel, whereas the contribution from the non-strange-strange (ns) diquark correlation is almost negligible. 
With the couplings gnn and gns fixed from the ground-state hyperfine pattern the predicted mass of this lowest 
yl| excitation at 1834 MeV is in nice agreement with the lowest observed four-star resonance /If (1820,****). The 
admixture of flavor singlet contributions amounts to only ^ 12%. Hence, this low-lying, dominantly ^8[56] state may 
be considered as the octet counterpart of the A/'|^(1720, ****). The second excited state is predicted at 1999 MeV. 
It exhibits a dominant ^1[70] configuration ( 85%) and 't Hooft's force induces a moderate downward mass shift of 
roughly 120 MeV, where now this lowering originates mainly due to an attractive non-strange-strange (ns) scalar 
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Fig. 4. Influence of the instanton-induced interaction on the energy levels of the positive-parity A-states in model A. The 
effects of non-strange (nn) and non-strange-strange (ns) diquark correlations are shown separately: In each column the leftmost 
spectrum shows the result with conflnement only. The curves illustrate the variation of the spectrum with increasing 't Hooft 
couplings Qnn and gns, respectively. The middle spectrum shows first the result with 't Hooft's force acting only for non-strange 
quark pairs {gnn = 136 MeV fm^, gns = MeV fm''). Finally, the right spectrum shows the prediction with 't Hooft's force 
acting for both, non-strange and non-strange-strange quark pairs {gnn = 136 MeV fm^, gns ~ 94 MeV fm'^). For comparison 
the rightmost spectrum shows the experimental data with the corresponding uncertainties. 



diquark correlation. This dominantly flavor singlet state has no counterpart in the N* spectrum and a corresponding 
resonance observed experimentally in this region is still "missing" although its position lies rather isolated between the 
yl| (1820,****) and the three remaining states predicted in this sector. The three other states are hardly influenced 
by 't Hooft's force and are all predicted to lie in the narrow range between ~ 2080 and ^ 2150 MeV around the 
three-star resonance yl|'''(2110, ***). 

In the sector our model predicts seven 2huj states. Here the situation is quite similar to the A^~^ sector. 

Again, the dominantly ^8[56] state is lowered by an equally big downward shift of roughly 200 MeV. As in the A^^ 
sector, this state apparently has no scalar non-strange-strange (ns) diquark contributions and the whole mass shift 
turns out to be due to an attractive non-strange (nn) diquark correlation alone. With the 't Hooft couplings fixed on 
the ground-state spectrum, the lowest excited state is then predicted at 1823 MeV and thus can be uniquely identified 
with the well-established low-lying resonance yl|^(1890, ****) observed experimentally in the Pqs partial wave. Once 
again, the fiavor singlet admixtures of roughly 10% are moderate, and thus the yl|~''(1890, ****) is the octet partner 
of the 7V| (1720, ****). Unfortunately, apart from the low-lying ylf (1890, ****), no further resonance has been seen 
in the Pqs partial wave so far. Similar to the A^~^ sector the second state predicted at 1952 MeV again reveals a 
dominantly flavor singlet ^1[70] configuration (^ 85%). Compared to the dominantly ^8[56] state, it exhibits again a 
rather moderate downward mass shift of roughly 130 MeV due to a dominantly non-strange-strange (ns) scalar diquark 
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correlation. Hence this state, which has no counterpart in the nucleon spectrum, comes to lie fairly in between the 
lowest excitation and the five remaining states in this sector, whose positions are virtually not affected by 't Hooft's 
force and are predicted to lie in the range between ^ 2045 and ~ 2180 MeV. 

Finally let us focus on the sector with the scalar/isoscalar excitations of the il-ground-statc. Here we expect 
six excited 2'huj states. Again, the lowest state predicted at 1677 MeV turns out to be dominantly ^8[56] 89%). Due 
to 't Hooft's force this state is strongly lowered by almost the same amount (roughly 300 MeV) as the ground-state. 
In fact, this downward mass shift is even large enough to account for the striking low position of (1600,***). 
This state behaves quite similar to the corresponding lowest state in the nucleon sector which is assigned to the Roper 
resonance iVi~'^(1440, ****) and hence it may readily be associated with the octet partner of the Roper resonance. 
In the nucleon sector we found ||^ the Roper state in model A showing a very similar behavior under the influence 
of 't Hooft's instanton-induced interaction like the ground-state. Here we make a similar observation: Both, the A- 
ground-state and the Roper-type state, show almost the same contributions of non-strange and non-strange-strange 
scalar diquarks. Consequently, in both cases, the equally large energy shift originates mainly from the non-strange and 
partly from the non-strange-strange diquark correlations (here compare to the discussion of the ground-state spectrum 
in ref. |^). It is interesting to note that exactly the same behavior is also observed for the second radially excited state 
predicted at 1747 MeV, which lies at the lower end of the uncertainty range quoted for the resonance yli (1810,***). 
As the Roper-type state, this resonance likewise reveals the almost same strong downward mass shift of about 300 
MeV. Hence, the calculated mass splitting of about 70 MeV between the first two radial excitations in yl^^ is primarily 
a relativistic spin-orbit effect of the confinement force. Unlike the nucleon N^^ sector, this second excitation predicted 
is not the dominantly flavor octet ^8[70] state, but a dominantly flavor singlet ^1[70] state (~ 92%). The dominantly 
flavor octet ^8 [70] state, however, appears here as the third radial excitation predicted at 1898 MeV. Consequently, we 

would identify the yl^^(1810, ***) as being a dominantly flavor singlet state, hence not being the octet counterpart of 

the A^^^(1710, ***) in the corresponding N^'^ sector. However, our assignment is less clear, since the reported central 
value of 1710 MeV of the second observed excitation lies fairly in between our two model predictions at 1747 and 1898 
MeV. Under circumstances the ^1^^(1810, ***) might be resolved into two separate states by future experiments. 

2.2.3 States of the negative-parity Ihu} band 

We now turn to the discussion of negative-parity yl-states in the Ihuj shell. As usual in constituent quark models 
for baryons, our models predict altogether seven states with spins J"^ — ^ , | and | in this shell. In the baryon 
summary table of the Particle Data Group six well-established four- and three-star resonances with these spins 
below 2 GeV are listed. In model A the assignment to these observed resonances due to a comparison of predicted and 
measured masses is unambiguous and a clear identification of the states is thus readily possible. Only one resonance 
of the Ihu! shell has not been observed hitherto: the third radial excitation in the A^ is still missing. 



Exp. state 


PW 


J" 


Rating 


Mass range [MeV] 


Model state 


Model state 












in model A 


in model B 


yl(1405) 


Soi 


1 - 

2 


**** 


1402-1411 


[Ai-]i(1524) 




yl(1670) 


Soi 


1 - 

2 




1660-1680 


[Ai ]2(1630) 


[yli"]i(1625) 


yl(1800) 


Soi 


1 - 
2 


+ + * 


1720-1850 


[/li']3(1816) 


[vir]2(1732) 
[A^ ]3(1973) 


yl(1520) 


Do3 


3 - 
2 


**** 


1518-1522 


[Ar]i(1508) 


[/l|"]i(1555) 


yl(1690) 




3 - 
2 


**** 


1685-1695 


[/If ]2(1662) 
[Ai"]3(1775) 


[^§"12(1701) 
[^i ]3(1832) 


yl(1830) 


Do5 


5 - 
2 


**** 


1810-1830 


[A ]i(1828) 


[yl|~]i(1827) 



Table 3. Calculated positions of all yl-states assigned to the negative parity Ihuj shell in comparison to the corresponding 
experimental mass values taken from mM . Notation as in table H. 



Table |^ gives the predicted masses of both models in comparison to the six corresponding experimental resonance 
positions. In addition, table ^ shows the contributions of the different spin-flavor SU{6) configurations to each state 
of model A. Again let us focus in this discussion to the (better) results of model A. As shown in fig. ^ the masses 
predicted in model A can considerably well account for all resonance positions quoted by the Particle Data Group, 
however, as already mentioned, with one striking exception: The notorious difficulty in explaining the low position of 



12 



U. Loring et ai: The light baryon spectrum in a relativistic quark model with instanton-induced quark forces 



TIT 
J 


iViUQei SLaLc 

in model A 


pos. 
neg. 


''^9i\'^p,] -^srvni ^srvni ^sr9ni 
^8[56] ^8[70] ''8[70] ^8(20] 


^ 1 fynl * 1 [901 
^1(70] ''l[20] 


1 - 

2 


[yli-]i(1524) 


98.8 
1.2 


2.9 26.0 0.3 0.0 
0.3 0.1 0.0 0.1 


69.4 0.2 

0.3 0.5 


[vli"]2(1630) 


98.7 
1.3 


5.5 61.6 2.1 0.3 
0.6 0.2 0.0 0.2 


29.2 0.1 
0.1 0.2 


[^r]3(1816) 


99.4 
0.6 


0.2 3.1 94.9 0.6 

0.0 0.0 0.5 0.1 


0.1 0.6 
0.0 0.0 


3- 
2 


[/l|"]i(1508) 


98.6 
1.4 


2.0 18.7 0.1 0.0 
0.1 0.1 0.1 0.0 


77.7 0.1 

0.9 0.3 


[yl|"]2(1662) 


98.9 
1.1 


4.4 72.0 2.2 0.2 

0.1 0.2 0.3 0.1 


20.1 0.0 
0.2 0.0 


[^r]3(1775) 


99.3 
0.7 


0.8 1.5 96.1 0.0 
0.1 0.2 0.3 0.1 


0.4 0.4 
0.0 0.0 


5 - 
2 


[ylf"]i(1828) 


99.4 
0.6 


0.0 0.0 99.0 0.0 

0.0 0.1 0.4 0.1 


0.0 0.4 
0.0 0.0 



Table 4. Configuration mixing of negative-parity A states in model A assigned to the Ihcu band. 

the ylj (1405, ****) with respect to yl| (1520, ****) cannot be resolved by using instanton-induced forces also within 
our fully relativistic framework based on the Salpeter equation. Otherwise, the hyperfine structure of the other Ihu 
yl-states can be nicely explained by 't Hooft's residual force. Figure |^ shows how 't Hooft's residual interaction shapes 
this hyperfine structure of the negative-parity Itko shell due to the correlation of non-strange and non-strange-strange 
diquarks within these states. 

Analogous to fig. ^ which shows instanton-induced effects for the positive-parity yl-states, fig. ^ likewise shows the 
influence of 't Hooft's force on the energy levels of all negative-parity yl-states. As before, we start with the pure 
confinement spectrum and in succession the couplings gnn and gns are gradually increased. Once again we observe the 
remarkable feature of the instanton-induced interaction that once the 't Hooft couplings are fixed to account for the 
octet-decuplet ground-state splittings, the excited states, in this case the well-established resonances (1800, ***), 
yl|~ (1830, ****), yli" (1670, ****), yl|"(1690, ****) and ylf " (1520, ****) of the Itiuj shell, are at the same time ex- 
cellently described. Again let us discuss the situation for each spin sector i , | and | in turn: 

In the A| sector our model predicts a single Ihuj state at 1828 McV. Its mass exactly agrees with the resonance 

position of the single four-star resonance yl| (1830,****) observed in the D05 partial wave. Note that J = | is 
the highest possible spin in the Ihuj shell and thus requires an internal spin-quartet function for this state. Table 
^ shows the yl| resonance being a pure flavor octet *8[70] state, which is by no means influenced by 't Hooft's 

force as illustrated in fig. ||. Similar to its counterpart (1675, ****) in the nucleon spectrum, this state is thus 
determined by the confinement force alone. This selection rule of 't Hooft's force once again nicely conforms with 
the experimental findings, since already in the pure confinement spectrum the yl| (1830, ****) is well described. The 

excellent agreement of our prediction with the resonance position of yl| (1830, ****) thus provides good support 
for the flavor-independent confinement force, whose parameters have been fixed on the phenomenology of the (non- 
strange) Z\-spectrum alone: concerning the positioning of the shells the confinement force works obviously equally well 
in this strange {S* = —1) sector. 

In the A I sector the hyperfine splitting between the first resonance yl| (1520, ****) and the second resonance 

yl| (1690, ****) can be fairly well reproduced by 't Hooft's force: The first excitation is predicted at 1508 MeV and 
the second one at 1662 MeV, thus both states are predicted close to the resonance positions quoted by the Particle 
Data Group (Ts). Indeed, the first state associated with the yl|~(1520, ****) turns out be dominantly ^1[70] (~ 79%) 
with an additional moderate admixture of a flavor octet ^8 [70] contribution (~ 19%). This dominantly flavor singlet 
state, which has no counterpart in the N* spectrum, shows the largest downward mass shift of almost the same amount 
as the Roper-type state and the yl-ground-state in the positive parity sector. The biggest part of this shift originates 
from the attractive non-strange and only a small fraction comes from the non-strange-strange diquark correlation. The 
second state predicted reveals a dominant ^8[70] configuration (^ 72%) with an additional moderate contribution of a 

flavor singlet ^1[70] configuration (~ 20%). Hence, the associated resonance yl| (1690, ****) indeed may be viewed as 
the octet partner of iV| (1520, ****). Compared to the lowest state predicted, here the lowering by 't Hooft's force is 
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Fig. 5. Influence of the instanton-induced interaction on the energy levels of the negative-parity yl-states in model A. The 
effects of non-strange (nn) and non-strange-strange (ns) diquark correlations are shown separately. See also caption of fig. ^ and 
text for further explanations. 



rather moderate and is primarily due to an attractive non-strange-strange diquark correlation. The third yl| state, 
which so far has not been observed experimentally, is predicted at 1816 MeV nearly degenerate to the single state in 
yl| . This state turns out to be an almost pure *8[56] state (~ 97%) and hence is the expected flavor octet partner 
of the nucleon resonance A'^|~(1700, ***). 

Finally we turn to the sector, where the situation is quite similar to the yl| sector. The lowest state 

predicted at 1524 MeV again turns out to be a dominantly 70%) flavor singlet ^1[70] state with a rather strong 

(27%) contribution of a flavor octet ^8[70] configurations. As in the yl| sector, this state exhibits the strongest 
lowering due to 't Hooft's force, but unfortunately not deeply enough to account for the puzzling low position of the 
well-established four-star resonance (1405, ****) below the yl| (1520, ****). Actually, the behavior of this state 

under influence of 't Hooft's force is rather similar to the lowest state in the sector. Both states show an equally 
big lowering which primarily originates from a scalar non-strange diquark correlation, thus both becoming degenerate 
close to the position of the yl| (1520, ****). Nonetheless, there is no doubt to associate the lowest predicted state to 
the yli^(1405, ****), since 't Hooft's force otherwise provides a quite good explanation of the remaining states in this 
sector. The second state is predicted at 1630 MeV and may readily be associated with the A^ (1670, ****). This state 
exhibits a dominantly flavor octet ^8 [70] configuration (^ 62%) with an admixed ^1[70] contribution (^ 29%) and it 
is moderately lowered by 't Hooft's interaction mainly due to a scalar non-strange-strange correlation. The third state 
predicted at 1816 MeV nicely agrees with the A^ (1800, ***) and turns out to be an almost pure flavor octet '*8[70] 
state. Hence, yli" (1670, ****) and yli" (1800, ***) indeed may be viewed as the octet partners of A^i (1535, ****) 
and (1650, ****) in the corresponding sector. Note that similar to the sector the second state reveals 
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an upwards mass shift due to the repulsive part in the relativistic version of 't Hooft's force acting in the pseudo-scalar 
diquark sector. This upwards mass shift in fact is necessary here to match the (1800, ***) and finally to correctly 
reproduce the hyperfine splitting between (1670, ****) and A^ (1800, ***). 

Altogether we thus find a rather good explanation for the hyperfine structure of the negative-parity yl-states in the 
Ihuj shell due to instanton effects. The only striking exception is the A^ (1405, ****): although 't Hooft's force provides 
an explanation of the relatively low energy of the dominantly flavor singlet states below the dominantly flavor octet 
states the instanton-induced interaction^, even if treated fully relativistically, cannot explain the exceptionally large 
splitting between the 'spin-orbit partners' yli~(1405, ****) and yl|~(1520, ****). Both states are roughly degenerate 

with a mass close to the A^ (1520, ****). This shortcoming is observed in all other constituent quark models for 
baryons as well and remains one of the outstanding problems. It is worthwhile to comment here on this somewhat 
puzzling state. In view of the otherwise very consistent description of hyperfine structures in the Ihuj and 2hL0 bands 
we believe that the too high predicted mass does not really reflect a fundamental flaw in our model but rather the 
fact that other dynamical effects that are specific to that state are presently not taken into account in our model. 
There is still controversy about the physical nature of the A^ (1405, ****) and its role in the KN interaction at low 
energies. A review of this discussion is given by Dalitz [T^ in the latest edition of the 'Review of Particle Physics '. 

The mass splitting of A^ (1405) and yl| (1520) is often interpreted as a possible hint for the relevance of spin-orbit 
forces in baryon spectroscopy. In our opinion such an interpretation is rather questionable. The splitting between 
these states is exceptionally large and otherwise the light baryon spectra show hardly any evidence for strong spin- 
orbit effects. This was just the reason why we have chosen those confinement Dirac structures which induce only 
moderate spin-orbit effects. Larger spin-orbit interactions would generally spoil the agreement for the spectrum in 
other sectors. Another extreme possibility discussed in literature is that the A^ (1405), which is lying about 30 MeV 
below the NK threshold, might be an unstable A^.^ bound state. But, such an interpretation requires the observation 
of another state lying close to the A^ (1520) MeV which then completes the A^ states of the Ihu shell. However, 
this energy region is already well explored by NK scattering experiments with no sign of such a resonance ]l7t . The 
most appropriate dynamical explanation for the low position A^ (1405) seems to be a strong coupling of the bare 
three-quark state to virtual meson-baryon (KN) decay channels due to its proximity to KN threshold. A confirmation 
of this conjecture on the basis of our covariant model requires the calculation of the KN decay amplitude of the model 
state [A^ ]i(1524), which then should be exceptionally large. But a really quantitative statement would require a fully 
dynamical treatment of various external meson-baryon decay channels in general. Such investigations have been made 
in non-relativistic quark models showing indeed a naturally shift of the lowest A^ three-quark state towards 
the KN threshold. An incorporation of these effects in our fully relativistic Bethe-Salpeter framework, however, seems 
presently to be technically too much involved. 



2.2.4 Beyond the 2hu; band 

The high energy part of the positive- and negative-parity yl-spectrum beyond the mass region of the 2hui and IHlo shell 
is experimentally hardly explored. Here the Particle Data Group states only three further resonances with established 
quantum numbers. In the negative-parity sector these are the well-established four-star resonance Al (2100,****) 
and the one-star resonance yl| (2325, *) for which evidence, however, is very poor. According to its spin J"^ = ^ 
the A^ (2100, ****) has to be assigned to the 3huj band, but its position is comparatively low and nearly degenerate 
with the first A^^ resonance yl|~''(2020, *) in the upper part of the positive-parity 2?iw shell. In the positive parity 
sector the well-established three-star resonance yl|~'^(2350, ***) is seen experimentally in the Hog partial wave and 
due to its spin and position this state is assigned to the 4:?iuj band. Apart from a bump yl? '(2585, **) with undefined 
spin and parity no resonances have been observed so far which could be assigned to the higher bhcu and 6huj shells. 
Our predictions of model A and B for the lightest few states in the Shu and 4hoj bands are summarized in tables 5 
and g respectively. Again let us restrict our detailed discussion to model A. As can be seen in fig. || and tables 5 

^ We should add a remark here concerning the genuine three-body force of the instanton-induced interaction: In the literature 
one sometimes finds the statement that this force, which only acts in the uds singlet states, should additionally affect the 
(1405). However, as discussed in ref. this statement is not correct: The three-body force can be shown to act only on 
flavor-antisymmetric, spatial-symmetric three-quark states. There are, however, no physical three-quark states (baryons) with 
this property, since these are color-antisymmetric and finally the Pauli principle can only be satisfied by spin-antisymmetric 
three-quark wave functions, which do not exist. Hence this three-body force does not contribute to physical color singlet, but 
only to color octet or decuplet three-quark states. 
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State J" Rating Experiment [MeV] Mass [MeV] Mass [MeV] 
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Table 5. Calculated positions of the lightest few A states assigned to the negative parity 3?icj shell. Notation as in table 



Exp. state 



PW 


,r Rating 


Mass range [MeV] Model state 
Q in model A 


Model state 
in model B 




Poi 


1 + 
2 


[^ri8(2156) 
[yli+l9(2223) 
[yli+]i„(2345) 


[/1|^]8(2374) 
[yll+]9(2452) 
[yli+lio(2516) 




P03 


3 + 
2 


[yl|+l8(2278) 
[yl|+l9(2382) 
[yl|+]io(2408) 


[yl|+]8(2430) 
[^|+]9(2509) 
[yl|+lio(2558) 




F05 


5 + 
2 


[yl|^l6(2270) 
[^1+17(2375) 
[.l|+l8(2436) 
[yl|+l9(2494) 


[^f^]6(2407) 
[yl|+]7(2469) 
[/lf+]8(2556) 
[/l|+]9(2595) 




Fo7 


7 + 
2 


[yll+l2(2331) 
[^il3(2431) 
[yl|+]4(2533) 
[yl2+l5(2556) 


[/l|+]2(2449) 
[yl|+l3(2539) 
[/1|+]4(2611) 
[/l|+]5(2632) 


yl(2350) 


Ho9 


9 + 
2 


2340-2370 [yl|+li(2340) 

[ylf+l2(2479) 
[^1+13(2565) 
[/l§+l4(2608) 


[yl|"']i(2433) 
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Ho 11 


11 -1- 
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[yl^+]i(2601) 
[yl^+]2(2677) 


[/lJi+li(2632) 
[ylJi+l2(2689) 



Table 6. Calculated positions of the lightest few A states assigned to the positive parity 4huj shell. Notation as in table 



and ^ model A predicts the first excitations in the and yl| sectors in excellent agreement with the measured 
positions of the weU-estabhshed resonances observed in these sectors. The predicted masses for the first excited state 
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in yl| at 2090 MeV and for the first excitation in yl| at 2340 MeV are in both cases very close to the reported 
resonance positions of yl| (2100,****) and yl|^(2350, ***), respectively. According to fig. ^ we would expect that 
the yl|"^(2350, ***) is the octet partner of iV|^(2220, ****). In fact the model state associated to the yl|"^(2350, ***) 
turns out being dominantly flavor octet ( 45% ^8[56] and 32% ^8[70]) with an additional moderate admixture (22%) 
of a flavor singlet ^1[70] configuration. The model state associated to the (2100, ****) shows almost equally big 
flavor octet (~ 16% '^8[b6] and ~ 31% '^8[70]) and flavor singlet (- 51% '^1[70]) contributions. Unfortunately, the 
lack of data allows no detailed investigation of the instanton-induced hyperfine structures in 3huj and Ahcu shells in 
comparison with experiment as was possible in the lower-lying Itiuj and 2?iuj shells. Nevertheless, the remarkably 
good predictions of the two single resonances yl| (2100,****) and ylf (2350, ***) already clearly demonstrate the 
importance of instanton-induced effects also in this higher mass region of the yl-spectrum, since 't Hooft's force nicely 
explains the comparatively low positions of these states. This is convincingly illustrated in figs. ^ and |5[ 't Hooft's 
interaction shifts both associated model states relatively strongly downward by roughly 200 MeV with respect to 
the other states and hence these become well isolated. As can be seen in figs. ^ and || this mass shift originates for 
both states merely from an attractive non-strange scalar diquark correlation, while the non-strange-strange diquark 
contributions is negligible. Once again we observe the remarkable feature that the shift of the states is exactly the 
right size to match the experimentally measured positions just when the 't Hooft couplings and Qns are fixed to 
reproduce the ground-state hyperfine-splittings. Otherwise, 't Hooft's force causes in the STiu! and ATiuj shells in general 
quite similar effects as in the lower lying Itko and 2?ujJ shells as can be seen in figs. ^ and ||. Therefore it is worthwhile 
to comment at this stage on the instanton-induced hyperfine structures of the shells in general. 



2.2.5 Instanton-induced hyperfine structures and approximate parity doublets 

In the foregoing discussion we convincingly demonstrated that 't Hooft's force with its couplings (?„„ and g„s fixed from 
the ground-state baryons excellently explains the most prominent features in the single even- and odd-parity bands of 
the experimental yl-spectrum. Here let us summarize how 't Hooft's force globally reorganizes the pure confinement 
/l-spectrum. The systematics is essentially the same as already exposed in the detailed discussion of the nucleon spec- 
trum in ref. Without residual instanton force the three-body confinement arranges the /l-spectrum into alternating 
even- and odd-parity bands, where in each band the states are clustered in rather narrow energy ranges. Due to the 
strong selection rules of 't Hooft's force a particular set of states in each Nhui shell, namely those states which are 
dominantly ^8[56], ^8[70] or ^l[70], are selectively lowered relative to the bulk of dominantly '*8[70], ^8[20] and '*1[70] 
states, which essentially remain unaffected. In particular, the states of the shell with maximally possible total spin 
Jnia.x{N) = N + ^ which posses an internal spin-quartet {S = 3/2) function in order to achieve this maximal total 
spin, remain unshifted. Thus each Nhuj shell systematically splits into an upper part with total spins up to Jmax(A'^) 
and a lower part with total spins up to Jmax(A^) — 1- With the couplings fixed from the ground-states the lower part 
comes to lie fairly in between the upper parts of the two adjacent Nhuj and {N — 2)Tvio shells with the same parity and 
thus nearly degenerate with the unshifted part of the {N —l)Tiuj shell with opposite parity. Concerning the lower part 
of the shells, the main difference to the nucleon spectrum is firstly, that in general more states are shifted downwards 
due to the additional fiavor singlet ^1[70] configuration, and secondly, that both types of diquarks, non-strange and 
non-strange-strange, emerge. In the yl-spectrum we thus observe in figs. ^ and ^ the lowered part of the shells actually 
separating into two further parts. The excited states with dominant non-strange diquark contribution are generally 
more strongly lowered than those with dominant non-strange-strange diquark contribution. This level ordering is qual- 
itatively understandable in the following manner. Firstly, the scalar non-strange diquark correlation is stronger than 
the non-strange-strange correlation due to gnn > dns- Apart from that, the second, still more important effect is due 
to the different kinematics of the two distinct diquark plus quark systems. In a strongly simplified, non-relativistic 
picture with harmonic three-body confinement forces (p- plus A-oscillator) one can approximately consider these states 
as two-particle bound states of a scalar diquark with mass Mo and a quark with mass m^, i.e. as non-strange diquark 
plus strange quark (M„„, nis) or as non-strange-strange diquark plus non-strange quark (M„s, Wn). Diquark and quark 
move in a two-body confining potential which then is given by the A-oscillator alone. The two distinct diquark-quark 
systems form oscillator shells with different mass gaps huj(^nn)s and ?ia;(„s)„, where the frequencies LOuq ^ i~M~^;^)^ 
are proportional to the square root of the inverse reduced diquark-quark masses. Assuming weakly bound diqarks, 
i.e. Mnn ~ 2to„ and Af„s ~ run + rus, one finds uj(^„n)s ~ ^(na)«( "'2mr° tJ^us in fact ?iw(„n)s < ^^{ns)n- Hence 
this level ordering is predominantly a fiavor SU{3) symmetry breaking effect from the quark mass difference > m„. 

Similar to the nucleon spectrum the overlapping positive- and negative-parity bands lead to approximate parity 
doublets. Figure ^ shows how 't Hooft's force induces such approximates doublets for the lowest exited states in the 
sectors with total spin J — ^, and |. The lowest states in | , I"*" | are those with the maximum total spin in the 
Ituv, 2huj and 3huj bands, respectively, and thus are determined by confinement alone. In the corresponding sectors 
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Fig. 6. Instanton-induced generation of approximate parity doublets of lowest lying /l-states in the sectors with J ~ \ and 
I (in model A). 



I , I I with the same spin but opposite parity there are always exactly two^ states of the higher lying 21vjj, Sfiui 
and ihui shells which are selectively lowered by 't Hooft's force and thus become well isolated from the other states. It 
is quite remarkable that the shift of the lowest excitations (with the non-strange diquark contribution) once again is 
such that these in fact become degenerate with the unshifted first excited states of opposite parity. The experimentally 
best established parity doublet in the yl-spectrum, which nicely confirms this scenario, is that of the two four-star 
resonances yl|'''(1820, ****) and yl| (1830, ****) in the 2?iw and Ifko shell, respectively. It is the counterpart to the 
well-established parity doublet structure Af|^(1680, ****) - (1675,****) in the nucleon spectrum (see ref. |Q). 

The two single resonances yl|^(2350, ***) and yl| (2100, ****) observed in the high energy region of the yl-spectrum 
are just the states with maximally possible total spin J = Jmax(^) — 1 in the lowered substructures of the iV = 4 
and N = 3 shells, respectively. In the A^~^ sector the situation is similar to the corresponding N^~^ nucleon sector, 
where this mass shift of the lowest state turned out to be important for generating the striking parity doublet structure 
iV|^(2220, ****)-Af 1^(2250, ****) in the upper part of the nucleon spectrum [||. The counterpart to the doublet part- 
ner iV| (2250, ****) of A^|^(2220, ****) has not yet been observed in the yl| sector. But it is interesting that our 
model predicts the lowest state in this sector at 2370 MeV, indeed approximately degenerate to the yl|^(2350, ***). In 

the sectors with spin J = | the same mechanism can nicely explain the parity doublet yl|^(2020, *)-^| (2100, ****) 
observed experimentally. Here 't Hooft's force induces a strong attractive scalar non-strange diquark correlation in the 
state shifting this 3huj state down to 2090 MeV, deeply enough to match the well-established yl| (2100, ****) 
and thus to become nearly degenerate to the unaffected A^'^ state in the 2hio shell predicted at 2130 MeV. It is 
interesting to compare this nice result to that of the corresponding nucleon sectors . In ref. we showed that 
't Hooft's force induced in the same manner the degeneracy of the lowest N-^ nucleon states. In particular we likewise 
found a similar strong downward shift of the state. However, the currently available experimental data in 

do not show a clear parity doublet structure according to the comparatively high position of the (2190, ****) with 
respect to the A^|~''(1990, **). While in the A^ sector the instanton-induced effect is able to explain the low-lying 
/l|"(2100, ****), in the sector the same effect shifts the first state predicted far below the 7V|"(2190, ****). In 



one state with a non-strange diquark contribution and another with a non-strange-strange diquark contribution 
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view of the otherwise striking similarities between the nucleon and yl-states, that all can be simultaneously explained 
by 't Hooft's force in both flavor sectors, this discrepancy in the sector is rather surprising. We therefore consider 
the remarkably good prediction for the low-lying (2100, ****) as a further strong support for our conjecture in ref. 
^ that there might be a N^' state below the iV|~(2190, ****) at roughly 2015 MeV which is the expected parity 
doublet partner to iV|^(1990, **). 

Note that the lowest states in the sectors = |^ and |^ belong to the positive-parity vl-Regge trajectory. 
Since in our model both states are quite strongly lowered by the instanton interaction as the ground-state, it is again 
interesting to investigate how far the 't Hooft's force influences the linear Regge characteristics M'^ ~ J observed 
empirically for the Regge states vli"^(1116, ****), vlf "^(1820, ****) and yl|+(2350, ***). 

2.2.6 The positive-parity yl-Regge trajectory 

Figure |^ depicts the Chew-Frautschi plot {A/P vs. J) of the positive-parity yl-Regge trajectory in both confinement 

models A and B in comparison to the states 71^^(1116, ****), yl|^(1820, ****) and yl|^(2350, ***) observed exper- 
imentally. To illustrate the influence of 't Hooft's force we displayed in addition the trajectory as determined by the 
confinement force alone. 
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Fig. 7. Chew-Frautschi plot {M^ vs. J) of the positive-parity yl-Regge trajectory , ^ij^f ^T^' • • -i in models 
A and B (lower curves) compared to experimental masses from the Particle Data Group (see uM). The upper curves show the 
trajectories without infiuence of 't Hooft's instanton-induced interaction. 



In consistence with the well-described Z\-trajectory which is determined by the string-like confinement alone y], the 
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flavor-independent confinement force produces likewise a linear characteristics for the pure confinement yl-trajectories. 
In model A this trajectory already shows the quantitatively correct slope, whereas the slope in model B turns out too 
large right from start. Similar to the nucleon Regge trajectory we observe once more the remarkable and nontrivial 
feature of 't Hooft's force to be compatible with the linear Regge characteristics. Again the downward shift of the 
Regge states, which is largest for the ground-states and moderate for the higher states, is such that it preserves the 
linear behavior A'P ^ J with almost the same slope as in the pure confinement case. In model A the equally large shift 
of all trajectory members in the mass square leads simultaneously to an excellent agreement with the observed 
states yli^(1116, ****), yl|'^(1820, ****) and yl|"^(2350, ***) and also the next (still "missing") member predicted in 

A^~^ at 2754 MeV lies fairly well on this linear trajectory. In model B, however, the slope remains too big to account 
for the observed states. In table the predicted positions for the yl-Regge states are once more explicitly summarized 
in comparison to the experimental findings. 



Regge- 


Rating 


.r 


exp. Mass [MeV] 


Mass [MeV] 


Mass [MeV] 


state 








Model A 


Model B 


yl(1116) 


++++ 


1 + 
!+ 


1116 


1108 


1123 


yl(1820) 


++++ 


1+ 


1815-1825 


1834 


1909 


yl(2350) 






2340-2370 


2340 


2433 


" missing" 




2 




2754 


2848 



Table 7. Position of states belonging to the positive-parity /l-Regge trajectory calculated in the models A and B in comparison 
to the experimental resonance positions [H. For a graphical presentation see fig. R. 



This result once again illustrates the importance of instanton effects in the higher mass regions of baryon spectra. 
In particular, it demonstrates that our string-like, fiavor-dependent confinement ansatz A with its parameters a (offset) 
and b (slope) fixed entirely from the phenomenology of the non-strange Z\-spectrum works equally well also in the 
strange fiavor sector. In this respect model B, however, strongly fails: although the confinement ansatz B could equally 
well as model A account for the non-strange nucleon and Z\-Regge trajectories, it produces here, in the strange bi- 
sector, a wrong slope for the trajectory. At the end of this section we shall now briefly comment on the shortcomings 
of model B in general. 



2.2.7 Shortcomings of model B 

In accordance with our results for the nucleon spectrum in ref . ||^ , also the yl-spectrum is consistently better described 
in model A than in model B. For this reason our preceding detailed discussion of the yl-spectrum has been restricted 
mainly to the results of model A. But for the sake of completeness we should conclude our investigations of the A- 
spectrum by briefly summarizing the main shortcomings of model B. In the /l-sector the discrepancies are even more 
distinctive than in the nucleon sector. As mentioned, model B already fails in describing the yl-Regge trajectory. The 
slope of the trajectory turns out too large. This is quite in contrast to the non-strange sectors, where A- and nucleon 
trajectories still could be quantitatively explained also by model B 

Figure ^ shows for model B the influence of 't Hooft's force on the positive- and negative-parity yl-states in analogy 
to the corresponding effects of model A in figs. ^ and |5[ Looking at the pure confinement spectra on the left in each 
column, we find the centroids of the 2huj, 3huj and Ahuj band structures generally positioned higher than in model A. 
Moreover, we again observe the confinement Dirac structure of model B inducing different spin-orbit effects than that 
of model A. Similar to the nucleon sector this leads to different intra-band splittings, level orderings and configuration 
mixings in each shell what finally implies a different effect of 't Hooft's force on the states. All in all, the 't Hooft 
couplings gnn and gns as chosen to reproduce the positions of flavor octet ground-states (here the yl(1116, ****)) are 
not sufficiently large to account for the masses of several comparatively low- lying states in each shell. In this respect, 
the largest discrepancies to experiment show up in the A^~^ sector, where the first scalar/isoscalar excitation predicted 

appears far above the low-lying Roper-type resonance yli (1600, ***). In the A^ the interplay of 't Hooft's residual 
interaction with the relativistic effects of the confinement force even produces a completely different hyperfine structure 
of the three ITluj states. Here the two first states predicted agree with the second and third resonances observed, while 

there is no state that could be associated with the low- lying A^ (1405, ****). Instead, the third Ihuj state is predicted 
at roughly 2 GeV due to a strong upward shift of this state by the attractive part of 't Hooft's force that acts in the 
pseudo-scalar diquark channel. It is interesting that this result would indeed allow for the alternative interpretation of 
A^ (1405, ****) as an additional KN bound state below the KN threshold, since all other states of the Ihuj shell are 
reasonably well reproduced. But in view of the otherwise rather poor results of model B we do not take this alternative 
seriously. 
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Fig. 8. Influence of the instanton-induced interaction on the energy levels of the positive-parity (ahead) and negative-parity 
(below) yl-states in model B. The curves illustrate the variation of energy levels with increasing 't Hooft couplings g„„ and Qns 
which are finally fixed to Qnn = 89.6 MeV fm'^ and g„s ~ 61.7 MeV fm'^. 
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2.3 Summary for the yl-spectrum 

To summarize our discussion of the yl-sector, we presented our results of models A and B for the complete yl-resonance 
spectrum. With the parameters being fixed all calculated states were true parameter-free predictions which we com- 
pared with the presently available experimental data. In fact we found excellent agreement between our predictions 
of model A and the positions of the hitherto experimentally observed resonances in the yl-sector. Moreover, we again 
analyzed in detail the role of 't Hooft's residual force for the hyperfine structures of the excited yl-spectrum and similar 
to the nucleon spectrum, we could convincingly demonstrate that also in the strange yl-sector instanton-induced effects 
in fact provide a consistent and uniform explanation for almost all prominent features in the lower as well as in the 
higher mass region of the spectrum. Once the 't Hooft couplings arc fixed to account for the correct position of the 
octet-ground states (here the yl-ground-state), several excited states can be simultaneously well described, most of 
these even in completely quantitative agreement: 

~ We found an excellent description of the states yli^(1116, ****), ylf "^(1820, ****) and yl|"^(2350, ***) belonging 
to the positive parity yl-Regge trajectory . The model yields the correct empirical Regge characteristics ~ J 
with the quantitatively right slope of the trajectory. Once more we could demonstrate the non-trivial property of 
't Hooft's force to be compatible with the observed linear Regge characteristics. 

— The hyperfine intra-band structure of the positive-parity 2huj shell could be nicely reproduced. As in the 2tiu; shell 
of the nucleon spectrum the analogous pattern of four comparatively low lying states is explained due to a selective 
lowering by 't Hooft's force: Similar to the Roper state model A likewise accounts for the strikingly low position 
of the strange partner of the Roper resonance, the yli^(1600, ***). Moreover, also the model states associated to 

the three other low-lying resonances yli^(1810, ***), yl|^(1890, and yl|^(1820, ****) are predicted close to 

the experimental resonance positions. 

— The intra-band structure of the negative-parity Ihui shell could be likewise explained by 't Hooft's force. In the upper 
part of this shell the model states fit quantitatively the structure of the four well-established states (1670, ****), 

yli"(1800, ***), yl|"(1690, ****) and ylf "(1830, ****). These states in fact turned out to be dominantly flavor 
octet and hence could be identified as the octet counterparts of the ITiu nucleon states. Moreover 't Hooft's force 
provides an explanation for the position of the dominantly flavor singlet states below the dominantly flavor octet 
states. The position of the yl| (1520, ****) could be nicely explained, however, the first yl^ state turned out to be 
degenerate with the yl| (1520, ****) and thus the notorious problem in quark models to explain the exceptionally 

large splitting between the yl^ (1405, ****) and yl| (1520, ****) unfortunately remains unresolved also in our 
fully relativistic approach. 

— Due to 't Hooft's force we again found overlapping substructures of shells with opposite parity leading to the 
occurrence of approximately degenerate states with the same spin but opposite parity in the same manner as in 
the nucleon spectrum. In this way our model is able to account for approximate parity doublets observed in the 
yd-spectrum, e.g. yl|^(1820, ****)-yl|" (1830, ****) and yl|^(2020, *)-yl|" (2100, ****). 

Concerning the results of model B we found similar shortcomings as discussed in detail for the nucleon spectrum 
in ref. ^J. But, in addition, the centroids of the band-structures are generally predicted too high showing that the 
confinement ansatz B works even less well in this strange fiavor sector. 

At the end of this section we should finally mention that the fully relativistic treatment of the quark dynamics 
within our covariant Salpeter framework of model A leads again to large improvements of the results as compared to 
the corresponding non-relativistic quark model of ||2l|,^ which employed instanton-induced forces as well. Although 
similar effects of 't Hooft's force likewise emerged in this non-relativistic version, the lowering of particular yl-states 
due to the scalar diquark correlations were in general too small to account quantitatively for prominent features as 
e.g. the low position of the Roper partner yl|"'"(1600, ***). Positive-parity excited states tended to be too massive by 
roughly 200 MeV. All in all the results of ref. |^,^ for the yl-spectrum are rather similar to those of our inferior 
model B. 

Let us now continue our investigations with the discussion of the strange S baryons {S* — ~l, T = 1), where in 
contrast to the yl-states 't Hooft's force acts only in the non-strange-strange diquark channel but is absent for the 
flavor-symmetric (T = 1) non-strange diquarks. 
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3 The Z'-resonance spectrum 

In this section we will discuss our predictions for the excited Z'-baryons with strangeness S* — —1 and isospin T = I 
and compare our results with the corresponding experimental data quoted by the Particle Data Group . Again let 
us start with some general remarks concerning the effects of 't Hooft's force expected in this flavor sector. 



3.1 Remarks - Implications of 't Hooft's force and the experimental situation 



The U baryons have the same flavor content of two non-strange quarks and one strange quark as the A baryons. 
But in contrast to the A states the non-strange quarks form symmetric isovector (T = 1) quark pairs and therefore 
't Hooft's force does not act in the non-strange diquark channel but exclusively in the flavor-antisymmetric non-strange- 
strange diquark channel. For the I7-baryons the flavor wave functions can be combined to the mixed symmetric 
octet representations Es corresponding to the non-strange N states and to the totally symmetric flavor decuplet 
representations Sio which correspond to the non-strange A states. The positive and negative energy components of 
the Salpeter amplitude (pj^ describing an excited Z'-state with spin and parity J'^ are obtained by the embedding 



map (see 



ref. §: 



T 



of totally S'3-symmetric Pauli spinors (^j" ^^'^ fj- 
different spin-flavor SU (6)-configurations: 



(5) 

which then in general can be decomposed into the following six 



S J^, ^8[56]) -I- \S J^, ^8[70]) -I- \S J^, *8[70]) -t- \S , ^8[20]) 



+ ^\{)[b&\) + \SJ^, ^10[70]), 

with the four flavor octet contributions 



(6) 



\S J±, 28[56]) := E 

L 

\S J±, 28[70]) E 

L 



\S J±, 48[70]) E 

L 

|r J±, 28[20]) :=E 

L 



(7) 



and the two flavor decuplet contributions 



|r J±, 4i0[56]) :=E 

L 

|i; J±, 2l0[70]) :=E 

L 



(8) 



Here we used the same notation for the spatial, spin and flavor wave functions as in the preceding section. For each 
shell the constituent quark model thus predicts the same number of states as in the combined spectrum of N- and A- 
states. Due to the flavor-5f7(3) symmetry breaking quark mass difference — m„ > 0, the decuplet and octet states 
mix. Since the instanton induced force acts on flavor-antisymmetric quark pairs only, it does not affect the totally 
symmetric flavor decuplet contributions '*10[56] and ^10[70] (similar to the non-strange A states). But 't Hooft's force 
again affects the flavor octet contributions in the same manner as for the nucleon states: From the strong selection 
rules of 't Hooft's force the states with dominant '*8[70] and ■^8[20] spin-flavor SU{&) contributions are expected to 
be hardly influenced, whereas the dominantly ^8 [56] and ^8 [70] states shift downward due to the attractive scalar 
non-strange-strange diquark correlation within these states. Apart from the mixing of flavor-octet and flavor-decuplet 
configurations owing to the flavor-S'?7(3) symmetry breaking effects from the mass difference of the non-strange and 
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strange quark masses, we nonetheless anticipate a spectrum of overlapping dominantly flavor-decuplet and dominantly 
flavor-octet states, which by themselves form similar intra-band structures as their corresponding counterparts in the 
non-strange A- and N- spectra, respectively. In particular, we expect 't Hooft's force generating hyperfine splittings of 
the dominantly octet states with the same systematics as observed for the nucleon states (and the dominantly flavor- 
octet A states). But note in this respect the following substantial differences to the N and A spectra: The instanton 
induced hyperfine splittings, which here arise solely from the non-strange-strange diquark correlation, are expected 
to be considerably smaller and therefore, these structures generally might be hidden according to the overlapping 
flavor-decuplet states. 

This might be the reason why also the experimental situation concerning the intra-band splittings is rather unclear 
and inconclusive. In contrast to the N- and A- sectors the U sector lacks well-established experimental data. Many 
resonances in the lower energy regions of the Ihuj and 2hL0 bands are only poorly established. The clearest evidence for a 
hyperfine structure with an equivalent in the N- and /l-spectrum is the low-lying three-star resonance {1660, ***) 
as the counterpart to the Roper resonance A^i^(1440, ****) and its partner A^^ (1600,***) . Altogether there are 
(apart from the and ^*|^ ground-states) only four well-established resonances with four-star rating, i.e. the 

i;|"^(1915,****) and the Z'|+(2030, ****) in the positive-parity sector, as well as the (1670, ****) and the 
(1775, ****) in the negative-parity sector. It should be noted here that, unlike the N- and /l-sector, the two 

lowest states in the J'^ = |^ sectors do not form a parity doublet structure and moreover, there are no strong 
evidences for parity doublets in general. 



3.2 Discussion of the complete Z'-spectrum 

Figures || and ^ show our predictions for the E spectrum in models A and B, respectively. These are compared with 
currently available experimental data as quoted by the Particle Data Group [Q. As before, the states depicted in 
each column are classified by their total spin and parity J'^ . For each sector the predictions for at most ten radial 
excitations are shown on the left hand side of each column. The experimental Z'-resonance positions are displayed on 
the right, where we use the same notation concerning the status and the uncertainty of each resonance as before. For 
both parities figs. H and ^ show our predictions for spins up to J = In addition, the calculated masses of positive- 
and negative-parity states are given explicitly in tables ||, and 12 



3.2.1 Positive-parity excited S states 

All observed positive-parity excited S baryons quoted by the Particle Data Group lie in the energy region between 

1 + 7 + 

1600 and 2100 MeV and posses total spins from = to . Hence, they all should belong to the positive-parity 
2/iw band. There are no candidates with established quantum numbers for the higher lying 4?!,w or even 6huj bands. 
Our predictions in models A and B for S states of the 2huj shell are summarized in table 0, where the assignment to 
observed states again is made according to a comparison of the predicted and experimentally determined resonance 
positions. 

Unfortunately, the assignment here is far less clear than for the corresponding A, N and A states due to the lack of 
well established experimental data in this flavor sector. Although even more states are expected, less states have been 
seen by experiments up to now and the quality of data is even worse. Actually, only three states are established. These 
are the two well-established four-star resonances £"1^(1915, ****) and S^^{2030, ****) and the three-star Roper-type 

resonance £'^''"(1660,***). The few remaining resonances have only one- and two-star ratings. Consequently, apart 
from the Roper-type resonance, the experimental situation concerning the intra-band splittings of the 2hu} band is 
rather unclear and less apparent than in the nucleon- and yl-sector. But, in fact this is what we would anticipate from 
the much weaker effects of the instanton induced force in this flavor sector, where 't Hooft's force acts exclusively 
in the scalar non-strange-strange diquark channel with the weaker coupling gns- In the yl-sector, where both types 
of diquarks occur, we could nicely demonstrate the fact that owing to flavor-S't/ (3) symmetry breaking effects the 
influence of non-strange-strange diquark correlations on the energy levels is significantly weaker than that arising 
from correlations in the scalar non-strange diquark sector. Consequently, those particular E states that are lowered 
by 't Hooft's force do not become as clearly isolated from the majority of unaffected, strongly clustered states as 
the corresponding states in the nucleon- and yl-spectra. Moreover, the spectrum of unaffected energy levels is even 
richer according to the additional flavor-decuplet states in the Z-sector. Therefore, we expect the hyperfine structures 
of the U spectrum much more difficult to resolve experimentally and from this point of view the inferior quality of 
experimental data seems not surprising. The significantly weaker effect of 't Hooft's force on the positive-parity excited 
S states in model A is convincingly demonstrated in fig. ^l[ 
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Fig. 9. The predicted positive- and negative-parity X'-resonance spectrum with isospin T = 1 and strangeness S* = — 1 in 
model A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group (right 
part of each column). The resonances are classified by the total spin J and parity tt. The experimental resonance position is 
indicated by a bar, the corresponding uncertainty by the shaded box, which is darker for better established resonances; the 
status of each resonance is additionally indicated by stars. 



The figure shows for each total spin J the behavior of E energy levels as a function of the 't Hooft coupling gns- 
The leftmost spectrum in each column is that obtained with the confinement force of model A alone. Then the 't Hooft 
coupling gns is gradually increased up to its value gns = 94 MeV fm^ adjusted to reproduce the hyperon splittings 
E* — E — A and S* — E. The right part of each column then depicts the resulting spectrum obtained with the full 
dynamics in comparison to the experimental data. Indeed, we again observe the same systematics as found already 
in the nucleon- and yl-sectors (here compare to ref. |^ and fig. Q), namely the downward mass shift of exactly four 

dominantly ^8 [56] or ^8 [70] states of the 2?iL0 shell in the sectors J'^ — |^ and In analogy to the N- and 

yl-sectors, the largest effect is found for the Roper-like state in the = sector, whereas the almost equally large 
downward mass shift of the three other states is comparatively weak. On the one hand, the weaker instanton induced 
hyperfine splittings are sufficiently large to explain quantitatively some of the observed structures along with the 
well reproduced i7|'''(1385, ****)-I7i^(1193, ****) ground-state splitting. This is nicely confirmed by the correctly 

described mass splitting between the two well-established resonances E^ (1915,****) and Z"! (2030, ****). But on 
the other hand, the separation of the lowered states relative to the bulk of unaffected states in fact is far less clear 
than in the N- and yl-sectors. While in the 2T%u) band of the N- and yl-spectrum the mass gap between the two split 
shell structures amounts to roughly 200 MeV, it is here mostly not even 100 MeV. Indeed, this might explain the 
experimentally badly resolved structures especially in the | sector. In the following discussion we shall investigate 

1 + S + ^ + 7 + 

the situation for each spin sector J'^ = ^ , | , | and ^ separately. We restrict this detailed discussion to the more 
realistic model A. The contributions of the different spin-flavor S'?7(6)-configurations to each 2hu) state in model A 
are additionally tabulated in table ^. This information will be useful to identify hyperfine structures of E states with 
corresponding structures in the N- and yl-sectors. 
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Fig. 10. The predicted positive- and negative-parity X'-resonance spectrum with isospin T — 1 and strangeness S* = — 1 
in model B (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group (right 
part of each column). The resonances are classified by the total spin J and parity tt. See also caption to fig. ^ 



For the S| sector with maximal total spin J = | in the 2huj band our model predicts two states: the lowest at 
2070 MeV and another, roughly 90 MeV higher, at 2161 MeV. Both states are totally unaffected by 't Hooft's force 
and hence are determined by the confinement kernel alone, as illustrated in fig. |ll|. Although being predicted slightly 
too heavy by roughly 30-40 MeV, the lower-mass resonance can rather clearly be associated with the well-established 
four-star resonance £"1^(2030, ****). It is dominantly a '^10[56] state (~ 70%) with a 30% admixture of a '*8[70] 
configuration and thus Z'|^(2030, ****) may be viewed as the flavor decuplet counterpart to the Z\|^(1950, ****) 
in the corresponding A^^ sector. The second excited state turns out to be dominantly '*8[70] 70%) with a 30% 

admixture 0^10(56]. This state, which corresponds to the yl|^(2020, *) and the iV|^(1990, **) in the A- and nucleon 
spectrum, respectively, is still missing in the experimental Z'-spectrum. 

In the sector we predict the existence of five 2hu) states. Similar to the lowest states predicted in the and 

sectors the lowest state exhibits a dominant ^8[56] contribution (~ 79%) with additional admixture (19%) 
of ^8[70]. As shown in fig. ^ this state similarly reveals a downward mass shift by 't Hooft's force of roughly 100 
MeV and thus becomes the lowest state predicted at 1956 MeV which may be clearly associated with the four-star 
resonance S^^{1915, ****). Thus, wc identify this resonance as the counterpart to the Regge states A^|^(1680, ****) 
and yl| (1820, ****) in the TV- and yl-spectrum. The mass difference to the first excitation predicted in Z'l amounts to 
114 MeV such that the experimental mass splitting of 115 MeV between the i:|"^(1915, ****) and the I7|"^(2030, ****) 
is quite well explained by 't Hooft's force. The remaining four states in I7| are virtually not affected by 't Hooft's 

force and lie in a mass range between 2000 and 2140 MeV, i.e. around the one-star resonance 171^(2070, *) observed 
as second structure in the F15 partial wave. 

The sector is rather poorly explored. Only two poorly established structures have been resolved in the P13 
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Table 8. Calculated positions of states assigned to thepositive parity 2?ia; shell in comparison to the corresponding experi- 
mental mass values taken from |18|l . Notation as in table iL 



partial wave, one in a region around 1840 MeV, which is the one-star Z"! (1840,*), and another one, the slightly 

better established two-star resonance r| (2080,**). The observed situation roughly corresponds to that predicted 
for the eight states expected in our model A. Two of the eight states are rather low-lying at 1896 and 1961 MeV 
and possibly correspond to the i:|~''(1840, *). In analogy to the sector, the lowest lying state at 1896 MeV is 

predicted to be dominantly ^8[56] (~ 75%)and hence its low position arises from a downward mass shift by 't Hooft's 
force as depicted in fig. |ll|. This state is the expected flavor octet partner of the first excitations in the corresponding 
Af|+ and ylf sectors, i.e. the 7V|"^(1720, ****) and the yl|"^(1890, ****). The second state predicted at 1961 MeV, 

is dominantly ^10[56] (~ 95%) and hence remains totally unaffected by 't Hooft's force. But, similar to its 
counterpart, its comparatively low position arises due to rather strong relativistic effects induced from the Dirac 
structure of the confinement kernel A (here we refer to the discussion of the Z\-spectrum in ref. Q ) . The remaining 
six states cluster in a rather narrow mass range between 2010 and 2150 MeV roughly corresponding to the range of 
possible values quoted for the second resonance 1:1^(2080, **). 

Finally, let us focus to sector with the scalar/isoscalar excitations of the 'E}^ ground-state. Similar to the 

TVi^ sector two states are selectively lowered from the other members of the 2?ia; band, as demonstrated in fig. |l^. In 
fact, the systematics is exactly the same as in the corresponding nucleon sector. Again, the almost pure (96%) ^8[56] 
Roper-like state, which is already the lowest state in the pure confinement spectrum, shows the strongest downward 
mass shift in fig. |l^. Similar to the corresponding N- and yl-Roper states this mass shift of roughly 200 MeV is as large 

as that of the ground-state. Hence this clearly isolated state becomes the lowest radial excitation at 1760 MeV, 
and, although being predicted roughly 100 MeV too high, this state should be associated with the Z'i~'^(1660, ***), 

the counterpart to Roper resonance Ar^~''(1440, ****). The second radial excitation, which is dominantly a ^8[70] state 
shows a moderate mass shift of roughly 100 MeV and finally is predicted at 1947 MeV within the error range of the 
two-star resonance 17^^(1880, **). Hence this resonance is the expected counterpart to the low- lying nucleon resonance 
TVi (1710,***). There is a further comparatively low-lying structure observed experimentally in the P\\ partial wave. 

This is the only poorly established one-star resonance ^71^(1770, *) which, however, does absolutely not fit in the 
systematics observed so far in the iV- and yl-sector. Note, however, that this poorly established structure rests solely on 
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J" 


Model state 


pos. 
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^8f70l 


*8f70l 
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^10 [70] 




in model A 


neg. 
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"8 [70] 


2 8 [20] 


*10[56] 


^10[70] 


1 — TTE — r 

1 + 

2 


1 1 
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ground-state S 


98.7 
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94.6 
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0.6 


0.0 
0.2 


0.0 
0.0 


0.0 
0.0 


0.1 
0.0 




[ri+]2(1760) 


98.8 
1.2 


96.1 

0.3 


2.3 
0.6 


0.0 
0.3 


0.1 
0.0 


0.0 
0.0 


0.2 
0.0 




[ri+]3(1947) 


99.1 
0.9 


6.9 
0.2 


88.4 

0.3 


0.9 
0.3 


0.3 
0.1 


0.0 
0.0 


2.5 
0.0 


1 + 

2 


[ri'^]4(2009) 


99.0 
1.0 


0.0 
0.0 


0.2 
0.0 


8.4 
0.1 


0.1 
0.0 


89.9 

0.5 


0.4 
0.3 




[ri+]5(2052) 


99.2 
0.8 


0.8 
0.0 


1.8 
0.0 


1.2 
0.0 


1.9 
0.0 


0.2 
0.2 


93.2 

0.5 




[r|^]6(2098) 


99.2 
0.8 


0.2 
0.0 


1.1 
0.0 


88.3 
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0.4 
0.0 


8.5 
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0.6 
0.0 
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1.1 
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0.0 


0.8 
0.4 


0.8 
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95.2 
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0.0 


1.9 
0.0 


3 + 

2 


[rr]i(i4i2) 

ground-state X"* 


99.4 
0.6 


0.0 
0.0 


0.0 
0.0 


0.5 
0.0 


0.0 
0.0 


98.9 

0.3 


0.0 
0.2 




[r|+]2(1896) 


98.8 
1.2 


73.9 

0.4 


22.2 
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0.6 
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0.1 
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0.0 
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2.0 
0.0 




[rr]3(1961) 


99.1 
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0.0 
0.0 


0.0 
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2 
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0.5 




[r|^]9(2149) 


99.0 
1.0 


0.3 
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0.5 
0.4 


19.8 
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0.0 
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; r -4-- 
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7 + 

2 
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1.0 


0.0 
0.0 


0.0 
0.0 
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0.2 


0.0 
0.0 
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0.4 


0.0 
0.2 




[rr]2(2i6i) 


99.2 
0.8 


0.0 
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0.0 
0.1 
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0.0 
0.1 
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0.1 


0.0 
0.1 



Table 9. Configuration mixing of positive-parity excited S states in model A assigned to the 2huj band. For comparison also 
the ground-states and X*|^ are listed. 



only one partial wave analysis which is in disagreement with most other analyses (see ref. [18|). Therefore, the existence 
of this third low-lying structure is highly questionable and will presumably be disproved by future experiments. The 
remaining four 2hui states expected in this sector form a pattern of more or less equidistant states in a region between 
2000 and 2140 where so far no structure could be experimentally resolved. 
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Fig. 11. Instanton-induced hyperfine splittings of the positive-parity S states in model A. Left in each column the spectrum 
from confinement alone is shown. The curves show the change of the spectrum as function of the 't Hooft coupling g„3 which 
finally is fixed (right spectrum) from the hyperon splittings S* — E — A and E* — E. The rightmost spectrum shows for 
comparison the experimental data with their uncertainties. 



3.2.2 Negative-parity excited S states 

Let us now turn to the discussion of negative-parity states, where most of the resonances observed so far should 
belong to the Ihuj band with spins — , | and | . There is only one resonance with higher spin J'^ = | , 

the yl| (2100, *) which definitely cannot be a member of the ITito shell. However, its evidence is only poor. Table 
[l0| shows the predicted masses in models A and B for the negative-parity states expected in the Ihio band. Where 
possible, the assignment of model states to resonances observed is made according to a comparison of calculated and 
measured resonance positions. 

Again let us restrict our detailed discussion to the better results of model A depicted in fig. |[ Table |ll| explicitly 
shows to what extent the different spin-flavor SU{Q) configurations are contributing in model A to each state of the 
ITujJ band. 

Unlike the situation for the corresponding negative-parity nucleon and yl-resonances, where a unique one-to-one 
correspondence between our predictions and the observed states was readily apparent, the experimental situation here 
is still quite inconclusive. Apart from the two four-star states ^| (1670 ****) and Z'| (1775, ****) most of the 
PDG quoted states are not established and quark models for baryons (23[|2j,^,|l| in general have difficulties to 

account for some of the less well established structures, e.g. the poorly determined two-star resonance (1580, **). 
In fact, as can be seen in fig. ^ and in tabic [l^, our model as well can only partially explain the experimental fea- 
tures of the negative-parity Z'-sector. Note, however, that the best established four-star states (1670, ****) and 
Z'|"(1775,****) are quite well described. Fi gure |lj illustrates the effect of the instanton induced interaction on the 
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Exp. state 



PW 


J" 


Rating 


Mass range [MeV] 
PI 


Model state 
in model A 


Model state 
in model B 


r(1620) 




1 - 

2 




1594-1643 


[ri-]i(1628) 


[ri-]i(1704) 


r(1750) 
17(2000) 


Sii 


1 

2 

1 - 




1730-1800 
1755-2044 


[X'i"l2(1771) 
[ri"]3(1798) 


[ri-]2(1814) 
[ri-]3(1897) 


X'(1580) 
r(1670) 


Dl3 

Dia 


3- 
2 

3- 
2 


++++ 


1578-1587 
1665-1685 


[rr]i(1669) 


[r|"]i(1706) 


r(1940) 




3 - 

2 




1900-1950 


[r|"]2(1728) 

[i:|-]3(i78i) 


[rf"]2(1798) 
[rf~]3(1820) 


17(1775) 


Dl5 


5 - 

2 




1770-1780 


[r|"]i(1770) 


[X'|~]i(1792) 



Table 10. Calculated positions of E states assigned to the negative parity Ihui shell in comparison to the corresponding 
experimental mass values taken from [0| . Notation as in table 0. 



J" 


Model state 
in model A 


pos. 
neg. 


^8[56] ^8[70] *8[70] ^8[20] 
^8 [56] ^8 [70] ''8 [70] ^8 [20] 


*10[56] ^10[70] 
■*10[56] ^10[70] 


1 - 

2 


[ri~]i(1628) 


98.6 
1.4 


5.4 87.4 2.3 0.1 
0.7 0.3 0.1 0.3 


0.0 3.4 
0.0 0.0 


[ri-]2(i77i) 


99.3 
0.7 


0.2 2.9 94.6 0.2 

0.0 0.0 0.5 0.1 


0.3 1.1 
0.0 0.0 


[ri-]3(1798) 


99.2 
0.8 


0.1 2.8 1.7 0.3 
0.0 0.0 0.0 0.0 


0.0 94.4 

0.4 0.3 


3- 

2 


[r|"]i(1669) 


98.9 
1.1 


5.1 89.0 1.2 0.1 
0.2 0.3 0.4 0.2 


0.0 3.4 
0.0 0.0 


[r|"]2(1728) 


99.2 
0.8 


0.1 0.1 82.7 0.1 

0.1 0.2 0.3 0.1 


0.2 16.0 
0.0 0.1 


[r|-]3(i78i) 


99.2 
0.8 


0.2 4.4 15.0 0.2 
0.0 0.1 0.1 0.0 


0.0 79.3 

0.1 0.5 


5 - 
2 


[rf-]i(1770) 


99.2 
0.8 


0.0 0.0 99.0 0.0 

0.0 0.2 0.5 0.1 


0.2 0.0 
0.0 0.0 



Table 11. Configuration mixing of negative-parity S states in model A assigned to the Ihui band. 



energy levels of several negative-parity S states in model A. As before, the figure demonstrates the change of the 
spectrum vifith increasing 't Hooft coupUng gns which finally is fixed to account for the flavor octet ground-state 
hyperons. Note that the effects of 't Hooft 's force are again significantly smaller than in the corresponding nucleon 
and A sectors. But they are sufficiently large to provide a quantitatively correct explanation for at least some of the 
observed hyperfine splittings in the ITiuj shell, as e.g. that of the two best-established states (1670, ****) and 
^1 (1775,****). In the following discussion we will investigate in detail the situation for each spin sector i , | 
and I in turn: 

In the S| sector our model A predicts a single ITiu! state at 1770 MeV which accurately accounts for the single 
four-star resonance (1775, ****) observed in the Z?i5 partial wave. Due to its maximally possible spin J — ^ 
this state, which is predicted to be purely ^8[70], remains totally unaffected by 't Hooft's force as illustrated in fig. 

This state is the flavor octet partner of the yl|"(1830, ****) and the A^f " (1675, ****) in the A- and nucleon 
spectrum, respectively. It is quite interesting to compare this result with that in the corresponding yl| sector where 
our model likewise predicted a purely ^8 [70] state in the Ihuj shell at 1828 MeV that exactly matches the measured 
position of the yl|~(1830, ****). But note the significant mass difference of ~ 55 MeV between the yl|~(1830, ****) 

and the (1775, ****) although both states have exactly the same flavor content of two non-strange and one 
strange quark. This mass splitting is roughly of the same order of magnitude as the S — A ground-state splitting 
which amounts to ~ 75 MeV, but it shows the reversed order; see flg. |l^ where the mass splittings between these S 
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Fig. 12. Instanton-induced hyperfine splittings of the positive-parity X'-states in model A. See caption of fig. ^ for further 
explanations. 



and A states (model A and experiment) is graphically illustrated. Due to the accurate predictions for both J'^ = | 
resonances this mass splitting is remarkably well reproduced with 58 MeV in our model A. But, unlike the S — A 
ground-state splitting which originates from 't Hooft's interaction due to the different 't Hooft couplings g„„ > gns: 
the reversed yl| splitting is not an instanton induced effect, since both J'^ = | states are entirely determined 

by the confinement potential alone. It is a spin-independent effect arising due to the flavor SU (3) breaking from the 
non-strange and strange quark mass difference. This effect is qualitatively understandable considering once again the 
naive non-relativistic oscillator model, where the coordinates are chosen such that the two non-strange quarks move 
in the p-oscillator and the strange quark moves relative to the non-strange quark pair in the A-oscillator (see [ p3| 
p^). Then, due to the heavier strange quark mass, the A-frequency ojx is smaller than the p-frequency ojp, namely 
2m„+m, )^ < ojp. Owing to Pauli's principle the total L ~ 1 wave functions must be symmetric under 

I and 17 1 , contain a spin-quartet wave function which is 
symmetric under interchange of any two quarks. But the crucial difference between the two states is their distinct 
isospin: the flavor wave function of yl| (T — 0) is antisymmetric while that of (T = 1) is symmetric under 

exchange of the two non-strange quarks. To achieve total symmetry the yl| must be orbitally excited in the odd 
yO-coordinate, whereas has to be orbitally excited in the even A-coordinate. Since the p-oscillator has the higher 



3ms 



exchange of the two non-strange quarks. Both states, A^ 



thus is heavier than the . The accurate prediction of this mass difference in our model shows 



frequency, the A^ 

that the quark mass difference nig — to^ fixed from the ground-state decuplet in fact is correctly affecting the energy 
levels of the first excited yl| and states. Moreover, it provides good support for our confinement force which 

is chosen flavor-independent. Finally, it should be noted here that, in nice agreement with our predictions, the lowest 
Z"!^ state docs not form an approximate parity doublet structure together with the lowest excitation in . In this 
respect the Z'-spectrum differs significantly from the nucleon- and yl-spectrum which both reveal a well-established 
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parity doublet structure formed by the lowest excitations in and yl| , respectively. In the iV| and yl| sectors 
the effect of a strong scalar non-strange diquark correlation was sufficiently large to lower the first excitations deeply 
enough to become nearly degenerate with the lowest excitations iV| and yl| , respectively. In consistency with 
the experimental findings (r| (1915, ****) <^ Z'|"(1775, ****)), the effect of the scalar non- strange- strange diquark 
correlation in the corresponding lowest state is, however, too weak to generate likewise a degeneracy for the 

lowest £'1* states. 
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Fig. 13. Mass spiittings between A and E states. See text for further explanation. 



In the S| sector the currently available data of altogether three observed resonances significantly disagrees 
with our predictions for the three states expected in the ITiio shell. However, the best established of these states, the 
four-star resonance i7| (1670,****), is exactly reproduced by the lowest state predicted in this sector at 1669 MeV. 
This state turns out to be dominantly ^8[70] 90%) and, as shown in fig. ^ it is slightly lowered by 't Hooft's 
interaction. Hence, it is the counterpart of yl| (1690, ****) and (1520, ****) in the A- and nucleon spectrum, 
respectively. In addition to the (1670, ****) there are two further Di^ resonances extracted from experiment, 
one poorly established two-star resonance (1580, **) lying even below the (1670, ****), and another with 
three-star rating, the I7| (1940,***), which lies exceptionally high at almost 2 GeV. However, the two remaining 

i7| states predicted in the Ihuj band by no means can account for these two states observed. Our result is quite 
similar to that of other constituent quark models |^,p^- The calculation with model A yields two rather close states 
at 1728 and 1781 MeV. The first one is dominantly (83%) a *8[70] state and is the expected flavor octet partner of 
the A^l (1700, ***). The second, dominantly ^10[70] state (~ 80%) is the expected flavor decuplet counterpart of the 

Z\(1700, ****). The rather puzzling experimental situation of the Ihuo states in the sector does absolutely not fit 
in the systematics observed in the A''- and Z\-sector and in general is completely incomprehensible in a potential model 
framework. Concerning the i7| (1940, ***) one could speculate whether it is a member of the ?>hu) band (see table 
p^ ). But even then the measured position remains puzzling. Although 't Hooft's force selectively lowers two states of 
ihui band (see fig. |l^), the shift is much too weak to account for this state. The lowest Z'| state of the "ifiuj shell is 
predicted at 2139 MeV but the (1940, ***) hes exactly in between this lowest predicted ihuj state and the highest 
predicted Ihuj state. It is worthwhile to mention here that not all analyses of KN scattering data require this state 
(see and references therein). The evidence for the poorly determined i7| (1580, **) in any case is not compulsory. 

Thus, except for the well-established (1670, ****)^ the experimental situation in is quite inconclusive and a 
verification of these rather old data by new experiments would be highly desirable. 
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The situation appears slightly better for the Si sector. The lowest state predicted at 1628 MeV nicely co- 
incides with the Z'i"(1620, **). This state may be viewed as the flavor octet partner of the A- and nucleon states 

yli"(1670,****) and iVi" (1535, ****) since it likewise exhibits a dominant 28[70] contribution (- 88%). Similar to 
its N- and /l-counterparts this state is lowered by 't Hooft's force (see fig. |l^), here by roughly 80 MeV which is just 
the right size to correctly reproduce the position of the (1620, **) within its experimental uncertainties. We can 

reproduce as well the more established three-star state (1750,***), but our model predicts within its range of 
possible values two close states at 1771 and 1798 MeV although so far only one state is experimentally resolved in 
this mass region of the Sn partial wave. But there is another very poorly determined structure seen in the partial 
wave, the one-star (2000, *), whose large range of possible values even overlaps with that of the (1750, ***). 
The first of the two close states predicted turns out to be a dominantly ''8[70] state (~ 95%). It corresponds to the 
iVi (1650, ****) and the (1650, ****) in the N- and yl-spectrum and similarly shows an upwards mass shift due 
to the repulsive action of 't Hooft's force in the pseudo-scalar diquark channel. In this way the instanton force provides 
a good explanation for the mass splitting between the (1620, **) and the (1750, ***), as shown in fig. ||. The 
second state predicted close to the (1750, ***) is hardly influenced by 't Hooft's force, since it consists of an al- 
most pure ^10[70] configuration. This state is the expected flavor decuplet partner of the Z\-resonance (1620, ****). 

Finally it remains to comment on the negative-parity states of the Stiuj band. Our predictions for the lightest few 
states in this shell are summarized in table 13. 



Exp. state 


PW 




Rating 


Mass range [MeV] 


Model state 
in model A 


Model state 
in model B 


X'(2000) 


^ii 


1 - 

2 




1755-2044 


[i:i-]4(2iii) 

]5(2136) 
[ri"l6(2251) 
[ri"]7(2264) 
[i:i']8(2288) 


[ri"]4(2249) 
[X'i-]5(2326) 
[i:i-]6(2377) 
[i:i"]7(2382) 
[ri~]8(2413) 


X'(1940) 




3- 

2 




1900-1950 


[i:|']4(2139) 
[i;|"]5(2171) 
[r|"]6(2203) 
[r|"]7(2244) 
[r2-]8(2263) 


[X'|"]4(2229) 
[r|~]5(2325) 
[r|"]6(2368) 
[X'|"]7(2372) 
[rf"]8(2383) 






5 ~ 
2 






[r|"]2(2174) 
[r|-l3(2226) 
[r| ]4(2268) 
[r|"]5(2305) 


[rf"]2(2296) 
[rf"]3(2364) 
[X'f"]4(2377) 
[r|"]5(2382) 


X'(2100) 


Gn 


7 - 

2 




2040-2150 


[r|"]i(2236) 
[r|"]2(2285) 
[r|']3(2320) 
[r|"]4(2353) 


[X'|"]i(2293) 
[r|"]2(2373) 
[r|~]3(2387) 
[r|"]4(2420) 




Gl9 


9- 
2 






[r|"]i(2325) 
[r|-]2(2418) 


[X'f~]i(2367) 
[r|"]2(2435) 



Table 12. Calculated positions of the lightest few S states assigned to the negative parity 3hui shell in comparison to the 
corresponding experimental mass values taken from [llq]. Notation as in table hi 



All states predicted in this band-structure lie beyond 2100 MeV. Concerning the instanton-induced hyperfine 
structures (see fig. |l^) we should note that 't Hooft's force selectively lowers a group of six (dominantly ^8[56] 
and ^8 [70]) states in the sectors with spins J from ^ to |. In fact, we find the same systematics observed for the 
corresponding group of six states in the nucleon 3?ko band [^. But once again the mass shift here is rather small 

and only the two lowered states in the = sector become significantly isolated from the other Shuj states. In 

the S-^ and the downward mass shift cannot account the positions of the rather poorly established resonance 
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2J^ (2000, *) and the Z'| (1940, ***) which already could not be associated with states predicted in the Ihuj shell. 

The one-star state (2100, *) is the only effect seen in the Gn partial wave. According to its total spin J — 
this state definitely cannot belong to the Ifku shell, but must be, if we take it seriously, a member of the Shu; band. 
Our model has the same problems to explain this structure as all other constituent quark models. The downward 
mass shift of the dominantly ^8[70] state in the sector is much too small to explain the puzzling low position 

of the i:|~(2100, *). Its position predicted at 2236 MeV is far above the PDG quoted position for the Z'|^(2100, *). 
We should note in this respect that the corresponding lowest excitation in yl| is observed at the same resonance 

position, but remember that the well-estabhshed (2100, ****) could be explained due to the much stronger effect 
of a scalar non-strange diquark correlation. We thus do not worry about this poorly established one-star resonance 
whose existence is highly questionable anyway. 



3.2.3 Comment on the results of model B 



So far we discussed entirely the predictions of model A which in the course of our previous investigations of the N- 
and A- spectra turned out to achieve significantly better agreement with the phenomenology than model B. For the 
sake of completeness we will conclude the discussion of the E sector briefly commenting on the results of model B. 
Comparing the predicted S spectra of models A and B in figs. ^ and |l^, respectively, the superior predictive power 
of model A to that of model B is once again confirmed. The S spectrum predicted in model B reveals essentially 
the same shortcomings that could be already exposed in discussion of the nucleon- and yl-spectra. Similar to the A 
spectrum the centroids of the Ihio and 2tiLL} band structures again are predicted too high compared to that of the 
observed states. Figure |lj displays for model B the effect of 't Hooft's force on the energy levels of the positive- and 
negative parity E states. In comparison to the corresponding figs. |l^ and |l^ of model A, we find once again that the 
interplay of 't Hooft's residual interaction with the relativistic effects of the confinement kernel B induces hyperfine 



structures which differ significantly from those induced in model A. Similar to the N^~^- and ^^^-sector the largest 

1 + 

discrepancies between both models show up in the S-^ sector, where the instanton force in model B cannot account 
for the low position of the Roper-type resonance ^7^^(1660, ***). 
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Fig. 14. Influence of the instanton-induced interaction on the energy levels of the positive-parity (left) and negative-parity 
(right) X'-states in model B. The curves illustrate the variation of energy levels with increasing 't Hooft coupling g^s which is 
finally fixed to g„„ = 89.6 MeV fm^. 
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3.3 Summary for the Z'-spectrum 

To summarize the discussion of this section, we presented the predicted iT-spectra of both model versions in com- 
parison with the rather scarce currently available experimental data. Model A provides a good description for all 
well established four-star resonances in the positive- and negative-parity sectors. Studying the influence of 't Hooft's 
residual force, which here exclusively acts in the scalar non-strange-strange diquark channel, we found significantly 
smaller effects than in the A and N- sectors, where the much stronger effects of the non-strange diquark correlation 
emerged. This is consistent with the in fact smaller hyperfine splittings observed in this flavor sector and in particular 
it nicely explains the absence of approximate parity doublet structures, for which there is (in contrast to the A^-and 
yl-sectors) hardly any evidence in the experimental I7-spectrum. Along with the well reproduced i7| (1385, 

S^^ (1193,****) ground-state splitting, 't Hooft's force in general provides again a rather good description of the 
observed intra-band structures as far as they are experimentally resolved by the partly inconclusive data. In partic- 
ular, we found a strong lowering of the lowest excitation corresponding to the low-lying 17^^(1660,***), the 
counterpart of the Roper resonance. Finally, we should mention that once again our fully relativistic approach (model 
A) shows significant improvements relative to the corresponding non-relativistic model of Blask et al. |£l|,|22| . 

4 The ^-resonance spectrum 

In this section we present our predictions for the excited S-baryons with strangeness S* = —2 and isospin T ~ ^. Our 
results in this flavor sector are almost entirely predictive, due to the lack of experimental data. Not much is known 
about S resonances since no direct formation is possible and the S baryons can only be produced as a part of a 
final state which in general is topologically complicated and difficult to study. Moreover the production cross sections 
are rather smaU Apart from the weU established ground-states S'i'''(1318, ****) and S'|^(1530, ****) there is 
only one single negative-parity excited state whose quantum numbers are established, i.e. the three-star resonance 
(1820,***). There are further evidences for H-resonances (even with a three-star rating), but in all cases spin 
and parity of these states are completely undetermined [ p^ . 

There is not much to say about the structures expected in this flavor sector: There are exactly the same degrees of 
freedom as in S sector discussed in the preceding section. The octet and decuplet flavor wave function corresponding 
to that in the U sector only differ by the interchange \n) ^ \s) of the non-strange and strange quark flavors and the 
Salpeter amplitudes <?j^ of excited S'-states with spin and parity are obtained by the embedding map (see ref. [Q) 
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Again 't Hooft's force acts here for non-strange-strange quark pairs which are antisymmetric in flavor thus affecting 
the states in the same manner as in the Z'-sector. Apart from slightly different spin-orbit effects and the overall higher 
mass positions of states due to bigger strangeness content, the predicted structures of the S'-spectrum as well as the 
configuration mixing of states is thus very similar to the Z'-sector. In particular 't Hooft's force generates quite the same 
hyperfine structures, as shown in fig. |l5| for model A (compare to the corresponding figs. ^ and |l^ for the Z'-sector). 

In this respect it is worth to note that along with the downward mass shift of the ground-state, which nicely 




Fig. 15. Instanton-induced hyperfine splittings of the positive- (left) and negative-parity (right) E states in model A. Left in 
each column the spectrum from confinement alone is shown. The curves show the change of the spectrum as function of the 
't Hooft coupling gnu which finally is fixed (right spectrum) from the hyperon splittings E* — E — A and E* — S. The rightmost 
spectrum shows for comparison the experimental data. 



explains the ^ |'''(1530, ****)-- i^(1318, ****) ground-state splitting, we observe again an equally large (roughly 200 

MeV) selective lowering of the lowest positive-parity excited state with the same quantum numbers = . This 
state, which we predict to occur at 1876 MeV in model A, can be viewed as the Roper-type analog of the S'-resonances. 
Also in the negative-parity sector the instanton induced effects are quite the same as in the Z'-spectrum. Thus, all our 
remarks concerning the structure of the positive- and negative-parity Z'-spectrum basically hold also for the excited 
states predicted in the S-sector. 

Our predictions for the S'-resonances with spin and parity J'^ up to ^ are graphically displayed in figs. |6| and 17, 
In addition, the positions of ITilo and 2Tnj states and the lightest few Zhuj states are explicitly tabulated in tables 13, 

and According to our previous results in the other fiavor sectors, we expect the predictions of model A to be 
most reliable, but for the sake of completeness we also present those of model B. 

As mentioned before, there is little information on the excited states available at the moment. The S'| (1820, ***) 

is the only excited resonance with established spin and parity. We associate this resonance with the lowest S'| state 

predicted close to the (1820, ***) at 1780 MeV (in model A, see table ^3|). Concerning the other states quoted by 
the PDG fl^ j, whose spins and parities are unknown so far, we should note that a speculative assignment to model 
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Fig. 16. The predicted positive- and negative-parity H-resonance spectrum with isospin T — ^ and strangeness S* = —2 
in model A (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group (right 
part of each column). The resonances are classified by the total spin J and parity vr. The experimental resonance position is 
indicated by a bar, the corresponding uncertainty by the shaded box; the status of each resonance is indicated by stars. At most 
ten radial excitations are shown in each column. 



states in general is ambiguous and inconclusive. New experimental efforts to shed light into this poorly explored flavor 
sector would be highly desirable. 



Exp. state PW J" Rating Mass ranee [MeV] Model state Model state 
@ in model A in model B 





1 - 

2 






H 2 

1" 2 

[=■ 1 ~ 
I- 2 


]i(1770) 
]2(1922) 
]3(1938) 


I" 2 
I" 2 
I" 2 


]i(1855) 
]2(1976) 
]3(2112) 


H(f820) Di3 


3 - 
2 




1818-f828 


H 2 
[=■3- 
2 

2 


li(1780) 
12(1873) 
]3(1924) 


f = 3 - 
I" 2 
f"3 - 
I" 2 

I" 2 


]i(1868) 
]2(1979) 
]3(1994) 


Dl5 


5 - 
2 






2 


]i(1955) 


I" 2 


]i(1991) 



Table 13. Calculated positions of ^ states assigned to the negative parity IHlj shell. Notation as in table hi 
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Fig. 17. The predicted positive- and negative-parity H-resonance spectrum with isospin T — ^ and strangeness S* = —2 
in model B (left part of each column) in comparison to the experimental spectrum taken from Particle Data Group (right 
part of each column). The resonances are classified by the total spin J and parity tt. See also caption to fig. 
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Exp. state 


PW 


J" Rating 


Mass range [MeV] Model state 


Model state 








fli] in model A 


in model B 




J 11 
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\WT- + 
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2 
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]2(1988) 


1^ 

2 


]2(2159) 
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]8(2257) 


;i+ 


]8(2363) 








2 


]9(2279) 


2 


] 9 (2407) 




Fl5 


5 + 
2 


\w5 + 
H 2 


]i(2013) 


[=■5 + 
2 


]i(2134) 








[=■5 + 


]2(2141) 


r " 5 + 
"1 + 


] 2 (2283) 








;i+ 
;i+ 


]3(2197) 


;i+ 


] 3 (2329) 








;i+ 


]4(2231) 




]4(2345) 








I" 2 
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2 
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Table 14. Calculated positions of states assigned to the positive parity 2hu) shell. Notation as in table hi 



Exp. state PW J" Rating Mass range [MeV] Model state Model state 
[pt |l|] in model A in model B 



Sii 


1 - 
2 


[Hi"]4(2241) 


[Hi"]4(2417) 






[Hi"]5(2266) 


[Hi"]5(2508) 






[Hi"]6(2387) 


[Hi~]6(2571) 






[Hi-]7(2411) 


[=-i"]7(2575) 






[Hi 18(2445) 


[Hi"]8(2602) 


Dl3 


3 - 
2 


[H|"]4(2246) 


[H|"]4(2413) 






[S'|"]5(2284) 


[H-|"]s(2518) 






[H|"]6(2353) 


[H|"]6(2569) 






[H|']7(2384) 


[H|"]7(2567) 






[S-|"]8(2416) 


[H|"]8(2596) 


Dis 


s - 

2 


[Hf"]2(2292) 


[Hf"]2(2469) 






[H|"]3(2409) 


[H|"]3(2565) 






[H|"]4(2425) 


[H|"]4(2583) 






[H|-]5(2438) 


[Hf~]5(2596) 


Gn 


7 - 

2 


[H| li(2320) 


[H|"]i(2477) 






[H|"]2(2425) 


[H|"]2(2581) 






[H|"]3(2464) 


[H|"]3(2607) 






[H|~]4(2581) 


[H|"]4(2639) 
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9- 
2 
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[Hf"]i(2604) 
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[Hf"]2(2640) 



Table 15. Calculated positions of the lightest few ^ states assigned to the negative parity 3huj shell. Notation as in table 
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5 The i7-spectrum 

Finally, let us conclude our discussion of the light baryon spectrum by presenting our predictions for the f2 baryons 
with strangeness S* = —3 and isospin T = 0. Almost nothing is known experimentally about the excited fi spectrum 
even 35 years after the unambiguous discovery of the ground-state in 1964. Apart from the ground-state only three 
excitations with S* — —3 have been found [|l8j, but all of them without established spin and parity: i7?'(2250, ***), 
12?- (2380, ***) and I?? - (2470, ***). But note that even the quantum numbers of the J7|'^(1672, ****) have not actually 
been measured but follow from the assignment to the ground-state decuplet. 

Similar to the Z\-sector, in our approach also the f2 states are determined by the three-body confinement force alone, 
since 't Hooft's force does not act on their common totally symmetric flavor-decuplet wave-function, which differs 
to that of the A states only by the replacement \n) — s- \s) of all non-strange flavors by the heavier strange quark 
flavors. Thus, apart from the overall higher positions and slightly smaller spin-orbit effects the predicted structures 
are essentially the same as in the Z\-spectrum. Our predictions for the f2 baryons are depicted in figs. ^ and ^ for 
model A and B, respectively, where again those of version A should be most reliable. The calculated masses for the 
Ihu!, 2huj and Shut states are explicitly summarized in tables |l^, |l^ and |lj, respectively. Note that the three excited 
states observed roughly fit to the structures predicted, but a possible spin assignment would be rather ambiguous. 
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Fig. 18. The predicted positive- and negative-parity J7-baryon spectrum with isospin T = and strangeness S* — —3 in 
model A (left part of each column) in comparison to experimental data (right part of the column). The resonances are 
classified by the total spin J and parity n. At most ten radial excitations are shown in each column. 
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Fig. 19. The predicted positive- and negative-parity i7-baryon spectrum with isospin T = and strangeness S* — —3 in 
model B (left part of each column) in comparison to experimental data (right part of the column). The resonances are 
classified by the total spin J and parity n. At most ten radial excitations are shown in each column. 



Exp. state PW 


.r Rating Mass range [MeV] 


Model state 


Model state 




M 


in model A 


in model B 


531 


1 - 


[J7i~]i(f992) 


[r2i"]i(2108) 


D33 


3 - 
2 


[J7|"]i(f976) 


[r2f~]i(2110) 



Table 16. Calculated positions of i7-states assigned to the negative parity ITiu) shell. Notation as in table |l| 



Exp. state 


PW 


Rating Mass range [ 


MeV] Model state 


Model state 






m 


in model A 


in model B 




P31 


1 + 
2 


[f2l'*']i(2232) 
[^?i+]l(2256) 


[r2i+]i(2442) 
[r2i+]i(2462) 




P33 


3+ 
2 


[r2|+]2(2177) 
[^?|+]3(2236) 
[^2|+]4(2287) 


[r2|+]2(2461) 
[r2|+]3(2466) 
[r2|+]4(2497) 




F35 


5+ 
2 


[r2f+]i(2253) 
[r2f+]2(2312) 


[l2f+]i(246Q) 
[l2|+]2(2493) 




F37 


7+ 


[r2l+]i(2292) 


[r2r]i(2458) 



Table 17. Calculated positions of J7-states assigned to the positive parity 2huj shell. Notation as in table hi 



U. Loring et ai: The light baryon spectrum in a relativistic quark model with instanton-induced quark forces 



41 



bjxp. state PW 
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Rating Mass range [MeVJ Model state 


Model state 
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"12 (2534) 


[f2|"]2(2772) 






[/2f"]3(2554) 


[r2|"]3(2822) 






[«f']4(2617) 


[r2|"]4(2846) 
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7 - 
2 


[i7| ]i(2531) 


[«2-]^(2773) 
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G39 


9 - 
2 


[/2§~]i(2606) 


[r2|"]i(2815) 



Table 18. Calculated positions of negative-parity H states in the Shu shell. Notation as in table 



6 Summary and conclusion 

Extending our previous work |^ on non-strange baryons we have presented in this paper a calculation of the strange 
baryon spectrum together with a detailed comparison with experiment. Within a relativistic quark model with instan- 
taneous forces we are able to describe the known Regge trajectories and the hyperfine structure in detail, 't Hooft's 
instanton-induced interaction played a central role, but it was also crucial to establish a suitable confinement interac- 
tion (model A) and, in particular, the Dirac structure of this force. In comparison with nonrelativistic or "relativized" 
quark models, the phenomenological success of the present relativistic model is remarkable; our earlier paper |^ and 
the present work demonstrate that the complete known light baryon spectrum with roughly 100 resonance masses [|8| 
can be uniformly described with the help of seven model parameters. 

Our model potentials are purely phenomenological as far as confinement is concerned. The residual interaction has 
a QCD background in 't Hooft's instanton-induced quark force; our paper, however, only tests the operator structure 
of this force, in particular, the fiavor dependence. For purpose, we only determine the strengths by a fit to the baryon 
spectrum. In the appendix we present a poor mans consistency check: by fixing a common cut-off for instanton sizes we 
could roughly reproduce the quark model masses and couplings under the assumptions of spontaneous chiral symmetry 
breaking. This is certainly only a first step towards a more complete incorporation of instanton effects |3^,|33|, p^ , |3^ , 
11,11111 • 

Based on the Bethe-Salpeter amplitudes electro-weak decays and formfactors were already computed [Q in the 
Mandelstam formalism |^ . The results will soon be published as well as some calculations of heavy flavored (charm 
and bottom) baryons, where as a new feature, the importance of one-gluon-exchange cannot be ruled out. Work on 



the perturbative calculation of strong baryon decays |41 is more difficult but in progress 
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A Appendix: Checking the consistency with QCD-relations 

So far, the effective constituent quark masses m„, rus and the effective 't Hooft coupling strengths gnn and gns 
together with the effective range A of the regularized instanton-induced four-fermion interaction have been treated as 
free parameters of our two models A and B. They have been adjusted to fit the experimental spectra. To be more 
precise, the parameters gnn, gns and A of the 't Hooft interaction have been fixed to the values given in ref. in order 
to reproduce the correct hyperfine structure of the octet and decuplet ground-state baryons, i.e. the mass splittings 
N—A, U* — S, S* ~S and S—A and as a very nice feature of model A it turned out, that at the same time the effect of 
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't Hooft's force with these values fixed could even account also for substantial structures of the excited baryon spectra 
such as e.g. the low position of the Roper resonance and its strange partners or the appearance of approximately 
degenerate parity doublets in the experimental nucleon- and yl-spectrum. Thus we could impressively demonstrate 
the possibility that besides a proper confinement mechanism (as given by model A), instanton-induced interactions 
indeed may play the essential role in the determination of the spectra of light-flavored baryons. An additional nice 
feature of the instanton force is, that it intrinsically provides a constituent quark mass generation via the Nambu 
mechanism and hence it appears even natural to work directly with constituent quark masses to„ and nis as done in 
the present framework. In order to confirm this picture of light baryons, it is important to investigate whether our 
phenomenologically adjusted parameters (7„„, gns, A, m„ and rris are really consistent with the theory of instantons and 
its relation to QCD as discussed in detail in ref |Q. There we have shown that due to the process of chiral symmetry 
breaking 't Hooft's instanton-induced interaction leads to relations for the effective constituent quark masses m„, 
and the effective 't Hooft coupling constants gnn^gns- The QCD-relations have been derived by normal ordering of 
the original instanton-induced six-quark vertex |lq| with respect to the true physical QCD- vacuum which exhibits the 
non-vanishing quark condensates (tf'„ifVt) and (W^Ws) for non-strange and strange quark fields, respectively. They are 
functions of the critical maximum instanton size pc, whose value we expect to be in rough qualitative^ agreement with 
the effective range A = 0.4 fm of the regularized instanton force in our model. Let us briefly recall these pc-depended 
relations of ref. : 

— The Wick contraction of two fcrmion lines gives the effective constituent quark masses 



rrinipc) := m° -I- / dp 



dojp) 4 
p5 3 



,{Pc) ■■= m° + dp ^ y^p' (mOp - ^TT^p^ (WA) 



(12) 



The Wick contraction of a single fermion line gives the effective 't Hooft couplings 



3 do{p) /4 



gUPc):-^]^ dp ^3 



gnsiPc) ■= o 



3 r.yoiP) ^4 ,^3) «p-9.v(^nf.; 



p5 V3 



(13) 



Here the instanton density do{p) for three colors and three flavors reads 



do{p) = 3.63 10' 



8^^ 

g'ip) 



exp 



8^^ 

gHp) 



(14) 



where g{p) is the p-dependent running coupling constant, which in two- loop accuracy is given by |p9[ 



87r2 



9 In 



P ^QCD 



32 



In 



In 



P ^QCD 



(15) 



In this way the parameters m„, nis, gnn and gns, which we fixed from a fit to the phenomenology of the experimental 
light baryon spectrum, are related to standard QCD parameters, i.e. the current quark masses mj^ and m^, the quark 
condensates and j'Fs'l^s) and the QCD scale parameter tIqcd- Typical phenomenological values of these QCD 

parameters taken from are listed in table |l^. 

It is now quite interesting to study to what extent these expressions for the coupling constants ( p^ ) and the 
constituent quark masses (|l2|) are consistent with the phenomenologically determined values in our covariant Salpeter 
equation-based quark model. In other words, the question is, whether there is a common uniform instanton cutoff pc 
which approximately agrees with the effective range A = 0.4 fm of our model, such that the corresponding constituent 
quark masses to„(pc), nisiPc) and couplings gnn(pc), gnsiPc) obtained by the gap-equations with the standard QCD 
values given in table are in fair agreement with our phenomenologically fixed values ? We restrict here our discussion 
to the confinement model A, which in connection with 't Hooft's force yields consistently better results for the excited 
baryon spectrum than model B and hence seems to be the more realistic model. The corresponding situation is 
presented in fig. 

^ Note that the regularization procedure in the 't Hooft kernel is rather arbitrary. The meaning of the effective range strongly 
depends on the regularizing function chosen. Thus only a rough correspondence between the effective range of the 't Hooft 
interaction and the effective instanton size may be expected. 
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current quark masses 


non-strange 




9 


MeV 




strange 




150 


MeV 


quark condensates 


non-strange 




-225^ 


MeV^ 




strange 




0.8 




QCD scale parameter 




^QCD 


200 


MeV 



Table 19. Phonomenological standard values of QCD parameters, compare to ref. 
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Fig. 20. The effective non-strange, strange constituent quark masses m„, rus (dashed dotted lines) and the effective coupling 
constants <;„„, Qns (dashed lines) as functions of the critical maximum instanton size pc due to eqs. (^^ and (p^), respectively. 
The calculation has been performed in two-loop approximation using the standard QCD parameters given in table The 
horizontal lines represent the corresponding phenomenologically adjusted values of model A. 



The plotted curves show the constituent quark masses (dashed dotted curve) and 't Hooft couplings (dashed 
curve) as function of the critical instanton size pc in two-loop approximation. They have been calculated with the 
QCD parameters given in table The horizontal lines represent the corresponding fitted values in model A. Apart 
from the strange quark mass m^, we indeed find that the two fitted coupling strengths gnn = 136 MeV fm^ and 
gns = 94 MeV fm'^ together with the fitted non-strange quark mass m„ = 330 MeV can be nicely reproduced by 
the gap-equations with an approximately uniform critical instanton size pc — 0.44 fm, which is in a satisfactory 
qualitative agreement with the effective range A = 0.4 fm of the 't Hooft interaction. This value pc — 0.44 fm also 



conforms qualitatively with recent lattice investigations p7 , 28 , 29l] on the topological structure of the QCD vacuum 



which in fact predict a strong suppression of tunneling events for larger instanton sizes p > 0.45 fm. Concerning the 
't Hooft couplings remember that the phenomenological value and sign of the U — A splitting (see ref. |^) required 
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the instanton-induced attraction between a non-strange-strange quark pair to be weaker than between a non-strange 
quark pair, i.e. gns < 5nn- In fact this requirement is fairly well confirmed by the QCD-relations jl^ ) due to the 
different Wick contractions of the original six-point 't Hooft vertex with one incoming and outgoing quark of each 
flavor (u,d,s): gnn involves the integration over the strange (s) quark loop, while in gns the lighter non-strange quark 
(u and d, respectively) is integrated over. 

We should further mention that for a value p = pc = 0.44 fm we find only a 6 % difference between the one-loop 
and two- loop approximation of the strong p-dependent running coupling constant g{p) given in eq. which still is 
small enough to be within the scope of the two-loop formula. 

Unfortunately, the phenomenologically adjusted strange-quark mass is definitely too high to be compatible with 
the gap-equation result at this critical instanton size pc — 0.44. But note, that the derivation of the effective 't Hooft 
interaction assumes zero-mode dominance in the case of (almost) massless current quarks. Compared to the almost 
vanishing non-strange current quark mass ~ 9 MeV, the strange quark mass ~ 150 MeV, however, is quite 
big, so that in this case the zero-mode approximation might become less valid and consequently contributions to 
the strange quark mass, that stem from non-zero modes could become important to explain a part of this missing 
mass. Moreover, the instanton induced interaction is not necessarily the only source for contributions to the effective 
constituent quark masses. In principle there might be other contributions and hence it is hard to decide whether this 
discrepancy in the strange quark mass actually reflects a serious inconsistency. 

In table ^ we additionally displayed the explicit absolute values for the masses and coupling constants obtained 
by the gap-equations with a cutoff pc — 0.44 fm, in comparison to the corresponding fitted values of model A. 



gap equations 


empirical fit 


(model A) 


Pc = 0.44 


fm 










A = 0.4 


fm 


Qnn = 141 


MeV fm'' 


(?nn — 136 


MeV fm'' 


gns = 110 


MeV fm^ 


Qns = 94 


MeV fm^ 


rUn = 297 


MeV 


m„ — 330 


MeV 


rris = 375 


MeV 


rris = 630 


MeV 



Table 20. Empirically fitted 't Hooft couplings and constituent quark masses of model A (right column) in comparison with the 
corresponding gap equation results (left column) with pc — 0.44 fm (compare to fig. |2^). The calculations have been performed 
in two-loop approximation with the standard QCD parameters given in table [13. 



Except for the much too low strange quark mass rus the agreement with model A indeed is satisfying: In view 
of the sensitive dependence on the condensate values and the arbitrary regularization procedure, the deviations of 
< 15 % of the calculated values for (7„„, gns and m„ from the phenomenological values are rather small. For the 
ratio gns /gnn between the non-strange-strange and the non-strange coupling constants the QCD-relation yields the 
explicit value gns/ gnn — 0.78 which also is in a satisfactory accordance with the value gns/ gnn — 0.69 obtained by the 
phenomenologically determined couplings. 

In summary, we thus find a rather good consistency of our model A with the expectations from the theory of 
instantons and its relation to QCD, which strongly supports the spirit of our model that non-perturbative gluon 
configurations, i.e. the instantons, play the dominant role in the description of spin-spin forces for the light baryons. 
In comparison with the analogous couplings fitted in the meson calculations of ref. pO|,^ our couplings are, however, 
too large. This admittedly indicates that our phenomenological approach needs further theoretical justifications. 
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